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Abstract
Sexual reproduction in Porites divaricata (Le Sueur, 1820) was studied over a
one year period (August, 2012 to August, 2013) in a shallow water (~2m depth)
carbonate bank (also described as marginal) habitat at Rodriguez Key, a small island
located 1.44 km off the east coast of Key Largo. Porites divaricata is a brooding,
gonochoric species with peak reproductive output (planula release) occurring in March
and at least a smaller event in May. This species showed an overall female to male sex
ratio of 3.5:1. However, during peak reproduction, the sex ratio was 1.2:1. Spawning
(sperm release) most likely occurred in late February when 78% of all oocytes and 84%
of all spermaries were in stage IV of development. The largest output of stage IV eggs
(n=164) occurred at this time, and these oocytes also had the second largest average
individual oocyte volume (3.34x10-3 mm3, n = 79) compared to those from other sample
dates. The largest average egg volume (3.79x10 -3 mm3, n = 8) occurred in May, but with
fewer eggs present (n=13). Population surveys showed P. divaricata densities of 7.4 and
17.7 colonies m-² at Site 1 and 2, respectively. Temperature data documented that SSTs
were highly variable in the seagrass/coral habitat at site 2 (primary collection site),
ranging from 13.1 to 34.9°C, with an average temperature of 25.9°C.

Corals at

Rodriquez Key are exposed to temperatures much higher (+3.8°C) during the summer
and much lower (-8.2°C) in winter compared to corals living at a nearby bank reef
(Molasses Reef).

This is the first comprehensive reproductive study performed on

Porites divaricata and may provide valuable information to the ongoing debate
concerning the taxonomic relationships among P. divaricata, P. porites, and P. furcata.

Keywords: Porites, brooder, fragmentation, scleractinian spawning, gametogenesis,
temperature
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1. Introduction
In the western Atlantic, the scleractinian coral genus Porites is composed of six
species that are important components of coral reef ecosystems: Porites astreoides, P.
porites, P. furcata, P. divaricata, P. branneri, and P. colonensis (Jameson and Cairns
2012). Information on Porites reproduction increased significantly over the past 2-3
decades.

Literature on reproduction of Porites in the Caribbean includes Porites

astreoides (Chornesky and Peters 1986; Soong 1991), P. furcata (Soong 1991; Schloder
and Guzman 2008), and P. porites (Tomascik and Sanders 1987; Goreau et al. 1981).
Reproductive data on Pacific Porites include additional species; P. lutea (Stoddart et al.
2012), P. rus (Bronstein and Loya 2011), P. lobata (Glynn et al. 1994; Neves 2000) P.
compressa, and P. evermanni (Neves 2000), P. panamensis (Smith 1991; Glynn et al.
1994), P. australiensis, P. murrayensis, and P. haddoni (Kojis and Quinn 1981).
This study adds to the knowledge-base by reporting on the reproductive patterns
of Porites divaricata (Le Sueur, 1820) over the course of one calendar year. The primary
goals of this study are to determine the mode, timing of gamete spawning and planulation
(possible lunar phase correlations and time of calendar year), seasonality of
gametogenesis, and fecundity.

It was expected that P. divaricata will exhibit a

gonochoric brooding style of reproduction, similar to the congeneric species P. porites
and P. furcata.

1.1 Importance of research
This study describes population densities and reproduction of a coral species that
grows in a non-reefal, or marginal, habitat, i.e., a habitat that is considered less than
optimal for coral growth (Perry et al. 2003). Edmunds (2004) showed that with rising
water temperature, enhanced recruitment of some species and differential early mortality
of others caused a change in the dominance of coral species in the Virgin Islands. This
variability in the coral responses supports the idea that reefs will not disappear over the
next 2-3 decades, but will change further as environmental conditions continue to
deteriorate. Identifying patterns and processes of how corals respond to environmental
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conditions has long been a goal (see Maliao et al. 2008), thus making studies such as
these an important step in determining how reef-building corals will respond to climate
change.
Threats to coral reefs are numerous and include eutrophication (Fabricius 2005),
sedimentation (McClanahan and Obura 1997; Fabricius 2005), increased average ocean
temperatures (Jones and Berkelmans 2010), overfishing (Hughes 1994), disease (Whelan
et al. 2007), and ocean acidification (Crook et al. 2012). These threats not only affect the
coral themselves, but also to the host of organisms that rely on reefs for such things as
habitat, protection, and food. When optimal reefs become degraded, these non-reefal
habitats may act as refugia for coral reef-associated organisms (Feingold 1996).
Since published information on the reproduction of Porites divaricata is not
available, this is an important study to undertake. Reproductive and population studies
can offer valuable information to organizations and individual researchers in various
scientific fields. Samples of P. divaricata used for reproductive and population analyses
in this study were collected from the Florida Keys National Marine Sanctuary (FKNMS).
Reproductive timing and population densities are important considerations when making
decisions concerning park use and resource utilization. Results of this study may aid in
differentiating between P. divaricata and the morphologically similar species P. furcata
and P. porites. Of all scleractinians, these three species are among the most difficult to
distinguish from each other (Jameson and Cairns 2012).

Differences in patterns of

reproduction, which would indicate a divergence in the fertilization system, may be
useful traits with which to distinguish between morphologically similar species (Szmant
1986; Willis 1990). It is important to determine if species distinctions should exist
between these three species or if they are ecomorphological variants of one species.
Misidentification of a species can lead to either historical overestimates of geographic
distribution, population abundance, and physiological tolerance if divergent species are
combined (Prada et al. 2008) or underestimates if species complexes are split (e.g.
Orbicella (formerly Montastrea) annularis, O. faveolata, and O. franksi) (Weil and
Knowlton 1994).
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1.2 Scleractinian reproduction
Corals (Cnidaria: Anthozoa) have a relatively simple life cycle involving a
dominant benthic polyp phase and a shorter planula larval stage. During the polyp stage,
corals such as Porites exhibit a variety of modes of asexual reproduction. This includes
intratentacular and extratentacular budding to produce new polyps and expand colony
size, and other mechanisms to produce new colonies including fragmentation, fission,
longitudinal and transverse division, and polyp expulsion.

Asexual reproduction

produces genetically identical fragments (genets) that may prolong the survival of a
particular genotype. In contrast, sexual reproduction enables genetic recombination and
production of new coral genotypes that may enhance fitness and survival of the species
(Harrison 2011).
Fragmentation of one colony into two or more colonies appears to be a more
important life history strategy in some coral species over others (Highsmith 1982).
Highsmith (1982) lists many species from the Caribbean that reportedly reproduce by
fragmentation. These include the important reef framework corals Orbicella annularis,
Acropora palmata and A. cervicornis along with Madracis mirabilis, and Porites furcata,
a species of close morphological and genotypic similarity to Porites divaricata.
Morphologies capable of fragmenting essentially span the entire range of coral growth
forms from those that are small and delicately branched (such as P. divaricata) to large,
massive colonies (Highsmith 1982) such as Porites lobata that fragments as a result of
fish bites (Kojis and Quinn 1981). It is apparent from the list however, that coral species
that are known to be successful fragmenters generally have a branching or quasi
branching morphology.

The combination of growth form, growth rate, and skeletal

strength within a species should result in fragmentation that produces new colonies of a
shape and size likely to survive. In this respect, regularly occurring structural weak
points in the skeleton that increase the probability of breakage will be considered
evidence that fragmentation has been selected for a species (Highsmith 1982). These
areas include constrictions, regions of high porosity, areas of systematic failure to
maintain live tissues, and enlarged skeletal zones likely to be mechanically stressed such
as branch stems and column bases. Physiological characteristics must be coupled with
3

environmental factors and relationships with organisms such as boring molluscs to
produce successful fragmental propagation. The role of clonal propagation in a species'
population dynamics is often mediated by interplay between the mode of clonal growth
and the environment. In some cases disturbance is essential for the generation of
vegetative propagules as seen in populations of P. lobata in the eastern Pacific (Glynn et
al. 1994). These include areas of high wave activity (such as in shallow reef areas),
bioeroders, and storms (Coffroth and Lasker 1998). An example includes A. cervicornis
from Discovery Bay, Jamaica, where the structure of this species has high reaching,
highly curved branches for such a small base.

These growth characteristics, when

coupled with the high wave energy on the shallow reef, are bound to allow widespread
breakage (Tunnicliffe 1981).
Under favorable conditions, fragments may survive, reattach, and reproduce
sexually. The long-term advantages of fragmentation to the genet are potentially high,
because the risk of mortality is divided over numerous fragments (ramets). Furthermore,
fragmentation may allow colonization of habitats where larvae are unable to settle, such
as sandy areas at the periphery of a coral reef. Fragments are more likely to tolerate
unstable sediments than newly settled larvae (spat) because of their larger size, elevation,
and less specific habitat requirements (Smith and Hughes 1998). However, breakage of
stony corals reduces colony size, increases susceptibility to disease and may adversely
impact sexual reproduction by reducing the total output of gametes or brooded larvae by
the colony (Zakai et al. 2000).
Wallace (1985) studied 9 species of Acropora on the Great Barrier Reef and
found that 4 multiplied by fragmentation either year round or during primarily rough
weather. Asexual fragmentation of this species allows the biomass of a genotype to
increase beyond the mechanical limits of individual colonies (Jackson 1977).
Additionally, where growth-rates decline with increasing colony size, fragmentation may
help high growth rates. The larger size of fragments compared to planulae may result in
higher survivorship after recruitment.

Also, unlike sexual reproduction which is
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restricted seasonally for most species, fragmentation can take place year round (Szmant
1986; Highsmith 1982; Hughes and Jackson 1985).
In general, sexual reproduction enables genetic recombination and production of
new coral genotypes that may enhance fitness and survival of the species. Reproduction
in corals can also be achieved this way.

Two forms of sexual reproduction are

broadcasting (spawning sperm and eggs into the water column where fertilization is
external) and brooding (sperm are released into the water column, and acquired by a
nearby colony where eggs retained within the gastrovascular cavity are fertilized). Corals
are further classified as being hermaphroditic (coral species whose colonies house both
male and female gametes) or gonochoric (colonies that are separate sexes, being either
male or female).

Corals fall into one of four categories: Hermaphroditic

broadcasters/brooders or gonochoric broadcasters/brooders. Hermaphrodites can further
be classified into simultaneous (colony matures both male and female gametes at the
same time) and sequential (a single colony may change sexes between reproductive
cycles or at different stages during its life) (Harrison 2011; Fadlallah 1983). Gametes are
produced within the mesenteries of the coral polyp. Following embryonic development,
the larval phase (planula) is usually planktonic and dispersive at least to some degree.
The larval competency period and dispersive capacity is species-dependent (Harrison
2011).
Of the more than 1,500 recognized coral species, aspects of sexual reproduction
have now been recorded in at least 444 species, the most common combination of
sexuality and mode of reproduction currently known for scleractinian corals is
hermaphroditic spawning (63%) (Harrison 2011). Gonochoric coral species are less
commonly reported than hermaphroditic coral species. As of 2011, a total of 109 coral
species have been recorded as gonochoric (most are found in the Atlantic), which
represents 26.2% of the 444 scleractinian species for which the sexual pattern is known,
the majority being shallow-water zooxanthellate hermatypic forms (Harrison 2011).
Some species are reported to have multiple reproductive strategies.

For example,

Chornesky and Peters (1987) found Porites astreoides colonies to be either
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hermaphroditic or gonochoric females, while Szmant (1985) and Soong (1991) found all
colonies of this species to be hermaphroditic.
Most of the early reproductive studies focused on coral species that brooded
planula larvae within their polyps, while early reports of broadcast spawning of gametes
were either overlooked or dismissed as aberrant by subsequent researchers (Harrison
2011). This led to the belief that corals were uniformly or typically viviparous brooders.
This misconception was rapidly overturned by research in the early 1980’s that showed
that broadcast spawning of gametes was the dominant mode of development in the
majority of corals studied worldwide (Baird et al. 2009). Much of that information came
from the discovery of mass coral spawning events on the Great Barrier Reef that includes
more than 130 coral species (Willis et al. 1985; Babcock et al. 1986).
Corals in the family Poritidae follow a general pattern associating morphology
and reproductive mode (Table 1) where massive corals tend to be broadcasters and
branching or encrusting coral tend to be brooders. Brooders often have small colony size,
multiple planulation cycles per year, and occupy unstable habitats. Broadcast spawners
generally have large colony size and short annual spawning periods (Glynn et al. 1994;
Szmant 1986). In the genus Porites, the relative abundance of gonochoric brooders is
almost 5 times higher than in the majority of other Scleractinia, involving up to 33% of
currently known Porites species (Brostein and Loya 2011).
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Table 1. Relationship between morphology and reproductive mode showing that in general, corals in the
family Poritidae that are massive tend to be broadcasters, while branching or encrusting coral are brooders.
1) Neves 2000; 2) Neves 2000, *can be branching or columnar; 3) Bronstein and Loya 2011, *can be
branching or columnar, observed spawning sperm; 4) Glynn et al. 1994; 5) Fadlallah 1983; 6) Glynn et al.
1994, *low levels of hermaphroditism; 7) Neves 2000; 8) Stoddart et al. 2011; 9) Tomascik and Sanders
1987, *low levels of hermaphroditism; 10) Soong 1991; 11) Schloder and Guzman 1998, *can also be
hermaphroditic; 12) Chornesky and Peters 1987, *Female only or hermaphroditic; 13) Szmant 1986,
*hermaphroditic.

Atlantic
Massive

None known

Pacific
Massive

Branching, encrusting
P. porites9*

None known

Brooder

P. furcata10, 11*

Branching, encrusting
P. panamensis4
P. murrayensis5

P. astreoides12*, 13*

None known

P. evermanni2*

None known

Broadcaster

P. rus3*
P. lobata6*7
P. lutea8

7

P. compressa1

1.3 Environmental stress on coral reproduction
Corals occupying Rodriguez Key has are exposed to numerous environmental
stressors including sedimentation, extreme high and low water temperatures, and
ultraviolet radiation (UVR) due to shallow depths. Corals will have to reallocate energy
to deal with the stress, potentially leaving little for other functions such as reproduction.
Additionally, stressed corals have been shown to expel their symbiotic dinoflagellates.
These organisms provide important photosynthetic products such as lipids, an important
energy source for coral during gametogenesis and planulae development (Leuzinger et al.
2012). Thus, any stressor that causes bleaching is also an important component to
examine.

Since this is a reproductive study, it will be important to examine these

stressors and how they might affect the reproductive capabilities of P. divaricata.
There are certain details that should be noted when attempting to describe the
possible environmental factors and physical stressors of the study site and how they relate
to coral reproduction, fecundity, and recruitment. Rinkevich and Loya (1987), through
their 10 year experiment with Stylophora pistillata, concluded that sexuality as well as
fecundity are regulated by a variety of internal processes (such as state of health of the
colony, regeneration of broken branches, energy limitations, senescence, and death) and
external, physical parameters (such as storm activity).
It should also be noted that it is difficult to measure the impact of stressors on
gamete production in situ because there is naturally variable both temporally, spatially,
and between individuals in the population. When individuals of a species vary greatly,
estimates of reproductive condition, fecundity, or growth rate based on small sample
sizes may not accurately reflect patterns of reproduction and growth within the
population as a whole (Chornesky and Peters 1987). This can also be true for the same
species occupying different environmental conditions.

Richmond (1984) found that

colonies of Pocillopora damicornis in the Marshall Islands allocated the majority of their
reproductive energy into larva production while in the eastern Pacific the same species
channels energy into colony growth. Thus, internal and/or external determinants can play
a significant role in the expression of sexuality or fecundity in corals. The species
response to its environment in terms of reproduction is very complicated and can vary
8

from year to year, as well as cause variations among colonies in the same reproductive
year.
Prolonged exposure to elevated or depressed water temperatures can cause
reduction of energy translocation from the zooxanthellae, or in more extreme conditions,
coral bleaching and tissue damage, leading to a decrease in growth rates and reproductive
effort due to a shortage of photosynthesized products (i.e. lipids) (Leuzinger et al. 2012).
Marcus and Thorhaug (1981) also conclude that corals such as Porites are living close to
their lower sub-lethal limit during the winter and close to the upper sub-lethal levels
during the summer, a fact that is believed to be true for a large majority of corals (Jones
and Berkelmans 2011). Elevated seawater temperatures and the effects that they have on
corals has been a major area of interest for many researchers. Coffroth et al. (2010)
examined the effects that elevated temperatures would have on the Symbiodinium of P.
divaricata (collected from the middle keys). Corals were placed in tanks where the water
was raised to 33°C (sub-lethal levels for P. porites) over 14 days, then maintained at this
temperature for an additional 13 days. All corals were bleached by the end of the
experiment, having lost 98-99% of the original symbiont population. Even though the
bleached corals were exposed to the presumably more heat tolerant clade-D, bleached
colonies only acquired these cells for a short period of time, reverting back to the original
clades when transplanted back into the ocean (clade B170).

The authors did not

specifically mention if all colonies died at some point after reintroduction. However, it
was mentioned that certain colonies received additional sampling after 14 and 28 weeks.
Although it has been shown that Porites can tolerate a wide variety of environmental
stressors, a continue rise in sea surface temperature may have dire effects on this species
and even potentially on the genus. As Marcus and Thorhaug (1981) showed, an increase
of 1°C can be the difference between sub-lethal and lethal. As temperatures continue to
rise, these lethal limits may be reached more often and for longer periods of time.
Sedimentation was also observed to be a potentially large contributing factor to
colony stress. Coral damage appears to not only depend on the amount and duration of
sedimentation, but also strongly depends on sediment type. For example, tissue damage
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under a layer of sediment increases with increasing organic content and bacterial activity,
and with decreasing grain size (Fabricius 2005). High levels of sedimentation can lead to
periods of high turbidity in the water column, reducing light levels, thus causing a
reduction in zooxanthellae photosynthesis. This can lead to lower reproduction rates.
Rinkevich (1989) provided direct evidence that energy requirements for planula
production in hermatypic coral are supported by translocation of products from algal
photosynthesis. Additionally, Leuzinger et al. (2012) showed that after 4 months of
changed light regimes, lipid content was 150% higher in unshaded colonies than shaded.
This provided additional evidence that symbiotic algae provide the lipids used by the host
coral. In addition to effects on adult colonies, sedimentation can have major impacts on
the structure of reefs by altering the settlement patterns and survival of coral larvae and
new recruits. The higher abundances of coral recruits seen on the vertical and undersides
in recruitment studies have often been proposed to be a consequence of larval avoidance.
Sediment-laden upper surfaces cause early recruit mortality resulting from increased
sediment exposure (Gleason and Hofmann 2011).
While not specifically measured for this study, salinity variations can affect both
coral and larvae (Ritson-Williams 2009). In P. porites, salinities became sub-lethal
(partially bleached) at levels outside 20 to 40‰ and lethal levels (total bleaching with
high mucous production) at less than 15‰ after 5 days or greater than 45‰ after 3 days
(Marcus and Thorhaug 1981).

While these values are usually not reported for the

FKNMS, the habitat surrounding Rodriguez Key may experience more extreme
fluctuations in salinity values due to the combination of shallow water, restricted
circulation, and increased amount of rainfall and evaporation during certain seasons of
the year.
Ultra violet radiation (UVR) has been seen in numerous studies to have
detrimental effects to both larvae and colonies. Gleason and Wellington (1995) found
that colonies of Agaricia agaricites had a significant reduction in survivorship of planula
larvae when living in shallow depths and thus exposed to higher levels of UVR. It has
been shown that when corals are exposed to a combination of high temperatures and

10

irradiance that affect symbiosis, they become deprived of a significant amount of palmitic
acid, an important fatty acid in coral eggs (Oku et al. 2003). UVR not only affects
gametogenesis and larvae, but also growth rates. Torres et al. (2007) showed 66% lower
extension rate and less dense skeletons in colonies of Acropora cervicornis that were
transplanted from 20 to 1 meter depth.

Gleason (1993) found similar results in

transplanted colonies of Porites astreoides (brown morphotypes) and attributed his
results in part to the high metabolic cost of producing large quantities of MAA’s
(Mycosporine-like amino acids) to block UVR.

1.4 Taxonomic impedance
Many coral species are difficult to identify, creating an impediment to
understanding their ecology, evolution, and biodiversity (Forsman et al. 2009). Coral
species descriptions are traditionally based primarily on skeletal morphology, which is
known to exhibit variation unrelated to reproductive isolation or evolutionary divergence
(Forsman et al. 2009). Most colonial corals show morphological variation in polyp
structure even within a single colony. Coral skeletal morphology can be remarkably
phenotypically plastic, responding to a wide variety of parameters such as light,
sedimentation, water motion, water chemistry, and ecological interactions. Adding to
taxonomic confusion, the conceptual nature of the coral species is a subject of intense
debate (Forsman et al. 2009). Colonies of some species have variable growth-forms,
which are at least partly genetically regulated independent of the environment. However,
most species exhibit variations that are clearly associated with different environmental
conditions (ecomorphotypes).

The morphological variations that result can affect

corallite structure as seen with Porites (Veron 2000). Some recent studies are using new
approaches and information to address the current state of taxonomic frustration among
corals. Budd et al. (2012) took 38 known and newly recognized micromorphological and
microstructural characters and integrated these with molecular data to present a new
classification of some scleractinian coral species.
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Three Caribbean species in the genus Porites exemplify this taxonomic problem;
Porites divaricata, P. furcata, and P. porites. A continuum of morphological variation
exists among these sympatrically occurring branching species (Fig. 1) with branch
diameters ranging from thin (P. divaricata) to thick (P. porites, 1.3-3.8cm.) and an
intermediate form (P. furcata).

Fig. 1. From left to right: P. divaricata, P. furcata, P, porites.

A taxonomic note in Veron (2000) states that several authors have considered these three
species to be different forms of the same species. Some allozyme and morphometric data
provide some support for independent species status. However, work performed using
DNA sequences from nuclear ribosomal DNA and three non-coding regions of
mitochondrial DNA demonstrated little genetic variation. Molecular data suggests these
species are not as divergent as previously thought (Lucas et al. 2008). These results
could be due to lack of variability of chosen markers or lack of observed genetic variation
due to a recent speciation event (Lucas et al. 2008). Veron (2000) states that in general,
Porites species are the most difficult of all the major genera to identify, partly because
their corallites are both small and variable. He also states that taxonomic difficulties are
12

due to geographic variation. Despite the wide geographic range of the genus as a whole,
latitudinal attenuation in species diversity, abundance, and colony size, especially
between reef and non-reef environments, occurs more abruptly in Porites than in all other
major genera except Fungia. Correctly identifying and classifying corals at the species
level requires a multifaceted approach, involving morphological characteristics,
molecular analyses, and reproductive studies (Zlatarski 2007).

1.5 Porites divaricata distribution and morphology
Colonies of Porites divaricata are common to abundant in South Florida,
Bahamas, and the Caribbean, are often observed in shallow, back reef habitats (Humann
1993), most commonly in depths of 0.5-3.0 m (Glynn 1973a), and are often associated
with seagrass beds (Veron 2000). Colonies vary from uniform grey-brown to greenish
yellow. Colonies possess thin, fused, widely spaced branches with flattened tips and 5-7
irregular pali (extensions of the inner margins of some septa). Tentacles are usually
extended during the day. Corallites are deeply excavated and have a coarse coenosteum,
forming a rough surface. The columella is small or absent (Veron 2000).
A

B

Fig. 2. A: View of P. divaricata corallite. From Veron (2000) B: Picture of P. divaricata colony.
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Light microscopy examination of tissue sections stained with Heidenhain’s
aniline blue procedure reveals epidermis consisting of short, columnar supporting cells
with clear mucocytes (clear, mucous secreting cells). The actinopharynx (short, muscular
tube leading to gut) body wall possesses thin columnar supporting cells with long flagella
and eosinophillic granular gland cells (secretory cells located in the epithelium, used for
digesting of prey) (Fig. 3). Zooxanthellae appear more numerous than those found in
Porites porites but are probably just more easily seen (due to smaller amounts of
melanin-like granular cells), averaging 9-10µm in diameter. The nematocysts (stinging
cells) of the gastrodermis are about 60-70 x 13µm long and are easily seen among the
clear mucous cells. The cap of the mesenterial filaments contains eosinophillic granular
gland cells and nematocysts. The lobes of these filaments contain large clear mucous
cells. In the upper portion of the tissue, large clear mucocytes dominate the gastrodermis
of the gastrovascular canals (Peters 1984) (Fig. 4).

act

ten

Fig. 3. Basic structure of P. divaricata polyp showing actinopharynx (act) surrounded by tentacles (ten).
Scale bar = 200µm.
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mg

zoox

nem

ga

muc

epi

Fig. 4. Detailed layout of P. divaricata polyp showing clear mucocytes (muc), 3 layers of tissues including
the epidermis (epi), mesoglea (mg), and gastrodermis (ga), nematocyst (nem), and zooxanthellae (zoox).
Scale bar = 50µm.

1.6 Project environment
Rodriguez Key is located within the Florida Keys National Marine Sanctuary
(FKNMS) (Fig. 5). The Florida Keys are an archipelago of sub-tropical islands of
Pleistocene origin that extend in a NE to SW direction from Miami to Key West and out
to the Dry Tortugas. In 1990, President George Bush signed into law the Florida Keys
National Sanctuary and Protection Act, which designated a boundary encompassing
>2,800 square nautical miles of islands, coastal waters, and coral reef tract as the
FKNMS (Boyer et al. 2010). The waters of the FKNMS are characterized by complex
water circulation patterns over both spatial and temporal scales with much of this
15

variability due to seasonal influence in regional circulation regimes. The FKNMS is
directly influenced by the Florida Current, the Gulf of Mexico Loop Current, inshore
currents of the SW Florida Shelf, discharge from the Everglades through the Shark River
Slough, and by tidal exchange with both Florida Bay and Biscayne Bay (Lee et al. 1994).
The Lower Keys are most influenced by cyclonic gyres spun off the Florida Current, the
Middle Keys by exchange with Florida Bay, while the Upper Keys (where the study site
is located) are influenced by the Florida Current’s frontal eddies and to a certain extent
by exchange with Biscayne Bay. All three ocean side segments are also influenced by
wind and tidally driven lateral Hawks Channel transport (Pitts 1997).
Lidz et al. (2006) mapped 3140.5 km² of both terrestrial and marine habitats of
the FKNMS. The largest area (27.5%) was dominated by seagrass/lime zone that lines
the floor of the Hawk channel, followed by seagrass/carbonate-sand community on the
outer shelf (18.7%), and bare carbonate-sand zone (17.3%). These habitats comprise
63.5% of the map area. Senile coral reefs (those that no longer build reef framework)
make up 2.2% of the area.
framework coral.

Thirty years ago, many of these reefs harbored live

Most live corals today are limited to the sand-halo/patch-reef

environments in the middle of Hawk Channel and along isolated areas of the outer shelf.
Despite numbering in the thousands, patch reefs occupy only 0.7% of the mapped area of
the FKNMS (Lidz et al. 2006).
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Fig. 5. Location of Rodriguez Key within the Florida Keys.

1.7 The study site
Field work was conducted at two locations at the south-southwest (site 1)
(25.04488° N 080.45513° W) and southeast (site 2) (25.04844° N 080.44335° W) sectors
of Rodriguez Key (Fig. 6), located 1.44 km off the east coast of Key Largo. Permanent
marker buoys (R7 and R11, respectively) were used to assist locating the sites for each
visit.
This island is characterized by being predominately surrounded by seagrasses on
lime mud (Lidz et al. 2006), with shallow water (<1m depth) and habitat exposed to high
levels of sedimentation. The elongate island of Key Largo has no natural tidal passes and
offers offshore habitats protection from the tidal exchange of turbid Florida Bay or cold
Gulf of Mexico waters (Roberts et al. 1982). Such protection and a shallower water
depth provide a more restricted-circulation environment off the upper Keys than the
deeper more open marine setting off the lower Keys (Ginsburg and Shinn 1964).
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As previously mentioned, a number of environmental stressors including high
levels of sedimentation, shallow sea level, and thermally labile waters (this study,
unpublished data), restricts the number of species that are able to colonize the area
surrounding Rodriguez Key. In addition to P. divaricata, several other scleractinian
corals including Siderastrea radians, Manicina areolata, Oculina diffusa, and Cladocora
arbuscula (Fig. 7) are known to be tolerant of these conditions and are found at this study
site.

Site 2

Site 1

Fig. 6. The two study sites of Rodriguez Key used for population surveys. Site 2 was the collecting site for
coral specimens used in reproductive analyses.

18

A

C

B

D

Fig. 7. Four other coral species found at Rodriguez Key; Oculina diffusa (A), Siderastrea radians (B),
Cladocora arbuscula (C) and Manicina areolata (D) Photos: Joshua Feingold.

2. Materials and Methods
2.1 Histological analyses
A minimum of five Porites divaricata branches were collected for histological
analyses from Site 2 on a bi-weekly basis from August 8, 2012 to August 7, 2013
(n=147). Branches ranged in length from 1.5 to 5.0 cm (rounded to nearest 0.25 cm).
Collections were missed on five occasions (11/21/2012, 12/26/2012, 1/17/2013,
3/6/2013, and 7/3/2013) due to adverse weather and scheduling conflicts. One branch
from each colony (n=10) was collected from Site 1 (0.5-2.0m depth) for reproductive
comparisons on August 8th and 30th. Unbranched colonies or colonies with obvious signs
of recent fragmentation were not collected to avoid any effects small colony size or
recent damage might have on fecundity (see Smith and Hughes 1999). All branches were
collected from colonies three or more total branches (based on the reproductive work
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performed by Schloder and Guzman [2008] on Porites furcata). Branches were chosen
only if the colony showed no signs of disease, lesions, bare spaces, or other injury
(Chornesky et al. 1987). Immediately after collection, branches were placed in a solution
of one part Z-fix formalin to four parts seawater and placed in an ice-filled cooler.
Samples were refrigerated and allowed to fix for a minimum of 48 hours. Following
fixation, branches were placed directly into 10% HCL and seawater decalcifying solution
(2.7 liters seawater, 3.0 grams EDTA, 300mg HCL). The solution was changed twice
daily until full decalcification was reached.
After decalcification, a small amount of tissue, about a millimeter in width, was
removed from the base of the each branch to avoid tissue damaged during the breaking or
sawing off of the branch. Decalcified polyps were cut into two cross sections and two
longitudinal sections.
Cross section

Longitudinal section

In some instances, branches were too small to yield two of each. In these cases, two
cross sections and one longitudinal section was used. Tissues were placed in plastic
infiltration cassettes and immersed in 70% ethanol solution.
Dehydration and clearing of the tissues was performed using the Tissue-Tek©
processor.

Cassettes were placed in two changes of 80%, 95% and 100% ethanol

solutions for dehydration. For clearing, three changes of xylene and infiltration with two
changes of hot paraffin were used. Each change required 30 minutes. Tissues were then
embedded in paraffin wax (61°C) using a Sakura© Tissue-TEC Embedding station.
Blocks were refrigerated and cooled for a minimum of 24 hours before sectioning.
Using a Leica© manual rotary microtome (model RM2125), tissues were
sectioned at a thickness of 5µm at three tissue depths, 30µm apart. Sections were
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transferred to a warm water bath (31°C), placed on slides, and put onto a slide warmer for
15-20 minutes.
The staining procedure was performed as follows using Heidenhain’s Aniline
Blue (E. Peters pers. comm.). Prior to deparaffinization, Azocarmine staining solution
was heated to 56°C and filtered. To deparaffinize the tissue, slides were placed in three
changes of xylene, followed by three changes of 100% ethanol. Changes of 95% ethanol,
80% ethanol, and deionized (DI) water were used to rehydrate the tissues. All slides
were immersed at each step for 2 minutes. Slides were then placed in the Azocarmine
stain and put in an oven (set at 58°C) for 25 minutes. Following staining, slides were
rinsed twice in two separate containers of DI water and placed in aniline alcohol for
about 5 minutes. After being placed for fifteen minutes in phosphotungstic acid and two
minutes in DI water, slides were placed in Aniline Blue for 20 minutes followed by two
rinses in two DI water containers. Slides were then put into 95% ethanol, three changes
of 100% ethanol, and three changes of xylene all for 2 minutes each. Cover slips were
sealed to the slides using Cytoseal© and allowed to dry for 24 hours.
Examination of slides from initial samples revealed necrosis of tissues. To help
rule out, in part, histological causes (as opposed to natural necrosis of tissues), small
changes were made in the collection and storing of samples as proposed by Esther Peters
(pers. comm.). Condition of tissues following the procedural changes will be discussed
further in the results section. Once collected in the field and placed in Z-fix, branches
were kept in an empty cooler with no ice. Upon being returned to the lab, branches were
kept at room temperature, rather than being refrigerated.

Sectioning technique was

adjusted to taking sections 100µm apart, instead of 30µm as was originally performed.

2.2 Gamete staging and fecundity estimates
Lacking any published gametocyte classification for Porites divaricata, this study
mostly followed the classification stages found in Glynn et al. (1994) with some
differences in the classification of stage III and IV spermaries. Criteria for gamete
staging are further discussed in the results section. Fecundity estimates (stage IV oocytes
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only) were generated using the procedure outlined in Glynn et al. (1994). The annual
volume production of mature oocytes was determined from measurements of oocyte
diameters, calculating egg volumes (using the equation for volume of a sphere: V=

),

counts of oocytes per polyp (from longitudinal sections), and determination of numbers
of polyps per cm². In many cases, stage IV eggs became contorted due to the restrictions
by the surrounding mesentery. In these cases, multiple diameter measurements were
taken, the longest and shortest measurements that crossed the center of the oocyte
perpendicular to one another, giving an average diameter for the egg.
Since three different tissue depths were used for histological analyses per
branch, the level with the greatest number of stage IV oocytes was used in calculating the
maximum fecundity and oocyte volume of the species as a whole over the course of the
study. When no stage IV eggs were present at any depth, the depth with the greatest
number of total oocytes was used for oocyte counts per colony. Spermary counts were
taken from the deepest depth sectioned since this is where most of the highest oocyte
counts were seen. These analyses will help in determining three of our main goals:
reproductive seasonality, output and lunar cycle correlations.

2.3 Population survey
Two sites on the seaward side of Rodriguez Key were chosen for population
analyses. Two, 60-meter transect lines were placed parallel to the shore. For the first
survey, twenty randomly chosen points along the lines were used for counting colonies.
The same randomly chosen points were used in each population count performed
throughout the duration of the study. A ½ meter by ½ meter quadrat was located on the
northern side of the transect line with the quadrat centered at each random point. The
total number of P. divaricata colonies (colonies were only counted if the entire colony
was located within the inner perimeter of the PVC tube defining the quadrat), number of
branches and number of tips per branch were counted. To estimate the total population
on the seaward side of Rodriguez Key, the average number of colonies per m² was
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multiplied by the total area of the estimated habitable zone. Population surveys were
performed 5 times on 8/8/2012, 8/30/2012, 11/28/2012, 3/20/2013, and 7/24/2013.
Due to unanticipated observations of encrusting organisms made during the first
three population analyses, the number of colonies with attached, boring, or encrusting
organisms were also counted during the last two visits.

Also, colonies of the four

previously mentioned corals species found at Rodriguez Key were counted during all five
visits.

2.4 Seawater temperature and tides
Submersible temperature recorders (HOBO Water Temp Pro v2 model U22-001)
were set out at each site at shallow, mid, and deep depths. For Site 1, recorders were
initially placed at depths of 1.1, 1.6, and 2.2 meters, and at Site 2, 1.3, 1.3, and 2.5
meters. Depths of recorders were measured periodically throughout the year to obtain an
average depth. By taking measurements throughout the year, were able to compare these
depths with local tide tables, giving an idea of maximum or minimum depths reached at
this site.

Recorders were programmed to take temperature measurements every 30

minutes. Time of day was noted upon deployment and redeployment so temperature
readings outside the deployment time could be disregarded.

Temperature data was

compared to data from Molasses Reef (supplied by Lew Gramer from a C-MAN station
at a similar depth, ~2.3 m). Molasses Reef is located 8-9 km east of Rodriguez Key and
represents a more typical reef environment.

Tidal data, including range and tidal

coefficient, was received from Tavernier Harbor (Fig. 8).
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Tide station

Fig. 8. Map showing relative position of Molasses Reef and tide station at Tavernier Harbor.

3. Results
3.1 Gamete staging
3.1.1 Oogenesis
Stage I oocytes began development in the gastrodermis of the mesentery (Fig. 9)
and as oocytes mature, they migrate into the mesoglea. The smallest identifiable eggs are
between 5-7µm with the largest Stage I oocytes being 29 (xˉ ± SD = 12.2 ± 7.0 µm, n =
59). Eggs possess a light purple nucleus with a distinct, deep red nucleolus. When
ooplasm (the yolk of the egg, equivalent to the cytoplasm of cells) is present, it appears
grainy and diffuse, having very little ooplasmic material. The number of stage I oocytes
per mesentery ranges from 1 to 8.
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g

mg

I

Fig. 9. Stage I oocyte developing in the gastrodermis (g) of the mesentery, adjacent to the mesoglea (mg).
gvc: gastrovascular cavity. Scale bar = 50µm.

Stage II oocytes (Fig. 10) range from 29µm to 44µm in diameter (xˉ ± SD = 36.7
± 3.9, n = 25). Staining characteristics were similar to that of stage I, with a light purple
nucleus and a deep red nucleolus. The ooplasm stains a light purple. Early stage II eggs
are characterized by lipid formation, appearing as clear spaces in the ooplasm, that
usually began at one pole and spread throughout the oocyte as development continued.
During early development, the nucleus is more centrally located within the ooplasm and
the nucleolus centrally located within the nucleus.
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Late II

I
I

Fig. 10. Stage II oocytes have moved into the mesoglea (mg) of the mesentery, seen as the light blue tissue
surrounding the eggs. Lipid production has begun, seen as clear vacuoles in the ooplasm. Re. mus:
retractor muscles. Scale bar = 50µm.

Stage III oocytes (Fig. 11, 12) show wide ranges of egg diameters, ranging from
39µm to the largest at 138µm (xˉ ± SD = 80.2 ± 22.2, n = 63). Stage III eggs have a
slightly darker staining cytoplasm, appearing dark pink to red. Stage III oocytes were
characterized by extensive lipid formation that appeared as clear vacuoles throughout the
ooplasm. This gave the ooplasm a “bubbly” appearance (Fig. 11). Late Stage III eggs
could be identified by the presence of zooxanthellae surrounding the gastrodermis of the
mesentery where the eggs are located. The nucleus is often off-set from the center,
usually about half-way between the center of the egg and cell membrane in late stage III
eggs (Fig. 12). The nucleus maintains its spherical shape until the late III to early IV
stage. The ooplasm of mid to late stage III eggs contains small (< 1µm), red staining
vesicles signifying yolk development. Also, the ooplasm of stage III eggs appears more
evenly mixed than earlier staged eggs. The cells of the surrounding gastrodermis become
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inflated and empty in many instances (referred to as mesenterial threads). Mesoglea
surrounding the oocyte becomes thinner and less easily seen.

I

lipids

mg

III

Fig. 11. A stage III oocyte adjacent to a stage I. Mesoglea (mg) becomes less evident. Notice the even
distribution of the clear vacuolated lipid vesicles. Scale bar = 50µm.
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m. threads

zoox

N
Late III

Fig. 12. Late stage III oocyte. The nucleus (N) has begun to move away from the center towards the
periphery of the egg. The gastrodermis of the mesentery has become populated with zooxanthellae (zoox).
Also note the enlarged gastrodermal tissue towards the top of the egg. Scale bar = 50µm.

Stage IV oocytes (Fig. 13, 14, 15) show a wide range of diameters, like stage III
oocytes. The smallest measured stage IV oocyte is 74µm in diameter and the largest is
360µm (xˉ ± SD = 158 ± 62, n = 64). Stage IV eggs stain a dark red. The nucleus is
located near or in late development at the cell membrane. As the oocyte develops, the
nucleus losses its spherical shape and becomes pinched at the sides, often resembling a
football or teardrop, and in later stages crescent-like (Fig. 13). The nucleolus also
becomes located at the periphery of the nucleus. Late stage IV eggs are characterized by
the presence of zooxanthellae in the ooplasm. Late stage IV eggs also show a more
complex array of yolky material. The yolky vesicles enlarge and displace the clear
vacuoles as the egg matures. This displacement seemed to begin around the nucleus,
creating a polarized darker area of ooplasm compared to that opposite the nucleus, which
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contains more clear vacuoles, giving a lighter appearance. One of the last developmental
stages prior to fertilization is the indention of the nucleus and oocyte membrane. (Fig.
14).
m. threads
Early IV

N

Nu

Fig. 13. Early stage IV oocyte showing peripheral location of nucleolus inside the nucleus. Ooplasm has
taken on a grainy appearance due to the presence of small, red staining vesicles. Scale bar = 50µm.
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Late IV

Zoox

Fig. 14. Late stage IV oocyte. Zooxanthellae have penetrated into the ooplasm. Presence of large, red
staining yolky vesicles that create a polarity within the egg. Nucleus and oocyte membrane have become
indented (arrow). Scale bar = 50 µm.

There is often a blue staining, grainy area of the ooplasm that becomes associated with
the nucleus (Fig. 15). It becomes apparent in stage III oocytes but is a prominent feature
in many stage IV oocytes. Similar to the nucleus, this blue area migrates further towards
the wall of the oocyte as gametogenesis progresses, eventually fusing to the oocyte wall.
The same phenomenon is also observed by Glynn et al. in Porites lobata (1994).
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N

Late IV

Fig. 15. Magnified picture of blue staining ooplasmic structure often found in late stage eggs adjacent to
the nucleus (N). The purpose of this structure is currently unknown, but most likely is involved in the
fertilization process. Scale bar = 20 µm.

3.1.2 Spermatogenesis
Since stage I spermaries were not seen in this study, staging will begin at stage II.
Stage I spermaries would most likely appear as a small cluster of spermatocytes (about 35 cells) in the mesenterial endoderm. In Glynn et al. (1994), these spermaries were
observed enclosed within a vesicle, most likely of mesogleal origin.
In stage II, the spermatocytes are roughly distributed evenly through the
spermary (Fig. 16). The staining characteristics show the spermatocytes to be about the
same color purple as the surrounding cells of the mesentery. They are also often found
surrounded by a thin layer of blue staining mesoglea. Contrary to what Tomascik and
Sanders (1987) observed in Porites porites, zooxanthellae could be seen in the
surrounding gastrodermis for at least stages II-IV of spermatogenesis.
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spc

mg
II

Fig 16. Stage II spermaries. Notice general even distribution of spermatocytes (spc) within the spermary.
Also, spermaries are encased in a thin layer of blue staining mesoglea (mg). Scale bar = 50µm.

Stage III spermaries (Fig. 17, 18,) show a variety of developmental stages. The
earliest (presumed to be the earliest due to the size of the spermatocytes) have
spermatocytes roughly the same size as seen in stage II, but they are no longer evenly
distributed throughout the spermary (Fig. 17), with higher concentrations towards the
periphery. The characteristic of a late-stage III spermary shows meiotic division of the
spermatocytes that decreases their size by about half (Fig. 18). This division occurs first
in the spermatocytes towards the center then radiates out towards the periphery. The
mesoglea is faint or absent as the spermary matures through stage III and into stage IV.
The divided cells stain a deeper purple than those of stage II spermatocytes.
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III

zoox

III

Fig. 17. Early stage III spermary showing peripheral location of spermatocytes within the spermary. Scale
bar = 50µm.
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III

me.div

zoox

Fig. 18. Stage III spermary showing meiotic division (me. div) starting in the center and radiating
outwards. Spermatocytes become about half the size they were in stages I-II. Zooxanthellae (zoox) located
in surrounding gastrodermis. Scale bar = 50µm.

Early stage IV spermaries (Fig. 19) are characterized by the complete meiotic division of
the spermatocytes. The maturation of the sperm cells is characterized by the presence of
tails. As the spermary continues to mature, the tails become bunched at one end of the
spermary, resembling a bouquet. The staining characteristics are similar to the divided
spermatocytes of stage III.
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Fig. 19. Late stage IV spermary with tails lined up. Scale bar = 50µm.

3.2 Sex ratios
Porites divaricata is gonochoric, i.e. each colony was either male or female with a
brooding mode of reproduction. No hermaphroditic colonies were observed. The female
to male ratio for the entire year showed an average of 3.5:1 though ratios varied per
sample date. However, sex ratios obtained from sample dates where both male and
female gametes were present showed a female to male sex ratio of 1.2:1. Figure 20
summarizes the ratio of females, males, and colonies observed without any gametes for
each sample date.
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Sex Ratios By Sample Date
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Sample Date
Fig. 20. Percentages of male, female, and gamete free colonies collected for each sampling date with
number of colonies sampled.

3.3 Gametogenesis seasonality
Figure 21 follows the progression of oogenesis throughout the study. Figure 22
shows the total number of oocytes (stages I-IV) and spermaries (stages II-IV) that were
present during that sample date. This gives a more accurate view of the patterns shown
in oogenesis and spermatogenesis. For example, in Figure 21, May 1st and 15th show a
100% presence of stage IV eggs, but this is only out of a total of 2 & 11 eggs,
respectively.

Additionally, only 5 of 20 sampled colonies showed any reproductive

activity.
Oogenesis possibly begins in mid-June to early August, shown by high
percentages of stage I oocytes in these months (though only a few oocytes were present
in each sample date).

Additionally, a low percentage of sampled colonies were
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reproductively active around this time. From all colonies sampled in August to October,
only 14 out of 50 colonies had oocytes (the largest number of oocytes found in one
colony at this time was 27). Stage II oocytes were first seen at the end of September,
when stage I oocytes were decreasing. Stage II oocytes steadily increased till midJanuary, becoming absent or near absent from late February to mid-July.
Production of stage III oocytes increased from late September to mid-November.
Development stayed relatively steady till mid-January, decreasing from early February to
mid-April, and becoming absent from May till the last sample date in early August (only
one stage III egg was found during those months). Stage IV oocytes were first observed
in early November in small numbers (about 12% of total oocytes).
increased until they reached their maximum on February 20 th.

They steadily

Though the next 3

subsequent sampling dates had high percentages of Stage IV eggs, February 20th was the
highest in terms of number of stage IV eggs relative to the total number of oocytes
present. All colonies sampled in February (n = 10) contained gametes.
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Oocyte Production Based on Stages I-IV
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Sample Date
Fig. 21. Total percentage of each stage found in all female colonies for a given sample date with
corresponding number of total oocytes for that sampling date shown above each column. A full moon is
equivalent to 100%, a new moon 0%.
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Oocyte and Spermary Production in P.
divaricata
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Fig. 22. Total number of stage I-IV oocytes and stage II-IV spermaries.

Spermaries were first observed in late January, 2013 (Fig. 23). Spermatogenesis
occurred earlier in the year based on the presence of stage IV spermaries during this time,
possibly late December to early January. This potentially puts oogenesis two month prior
to spermatogenesis.

There appeared to be less synchrony among colonies with

spermatogenesis. Of the three male colonies sampled during the next collection date (7
Feb, 2013), none had stage IV spermaries. They were instead dominated by stage III.
Stage IV gametes were again seen in the mid February sample, consisting of 84% of
sampled male colonies, coinciding with the time of the year that the most stage IV eggs
were seen.
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Mid-March and early April male colonies primarily contained stage III
spermaries, having only a few stage IVs present. Stage IV spermaries were not seen
again until mid-April, when all sampled male colonies contained them. Male colonies
were not observed in the remainder of the collections through August 2013.

Spermary Production Based on Stage II-IV
100%
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152

152
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40%

Stage III
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20%
10%
0%
24 Jan 13

7 Feb 13

20 Feb 13 20 Mar 13
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17 Apr 13

Sample Date
Fig. 23. Total percentage of stages II-IV found in all male colonies for a given sample date with total
number of spermaries seen.

3.4 Embryonic development
Nine total embryos were seen throughout the study. Six were seen in one colony
of five sampled on 3/20/13, one from a colony sampled on 5/1/13, and two from the same
colony sampled on 5/15/13.

The least mature embryo (Fig. 24) had staining

characteristics similar to stage IV oocytes with large, red staining granules. The outer
layer was more irregular and undefined, having no clear delineation in tissues and was
located in the gastrovascular cavity.
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Fig. 24. Immature larvae. Scale bar = 50µm.

As the larvae matured (Fig. 25), the red staining vesicles became less prominent and
zooxanthellae could be seen within the larval tissues and maternal tissue. The columnar
cells of the outer epidermis are seen taking shape, still no clear delineation of tissue
types.
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Col. cells

Lip. gran.

Zoox

Fig. 25. Immature larvae shows formation of columnar cells (Col. cells) but lacks clear delineation of
tissue types, has few zooxanthellae (zoox), and large lipid granules (lip. gran.). Note presence of
zooxanthellae in surrounding maternal tissue. Scale bar = 50µm.

More mature embryos exhibit more distinct tissue layers. The cleavage plane shows the
region where tissue formation is occurring (Fig. 26). Late stage larval development (Fig.
27) is characterized by the presence of three distinct tissues (epidermis, gastrodermis,
mesoglea), and the presence of numerous zooxanthellae with the subsequent decline in
yolky vesicles. Only one late stage planula was observed, having a maximum diameter
of 391.1µm and a volume of 3.17x10 -3 mm3.
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zoox

Zoox

Cl. plane

Fig. 26. More mature larvae showing possible cleavage plane (cl. plane) where tissue separation may
occur. Also notice the large number of zooxanthellae adjacent to the larval epidermis. Scale bar = 50µm.
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epi

zoox

mg
ga

Fig. 27. Mature larvae showing three distinct layers: The gastrodermis (ga), the mesoglea (mg), and the
epidermis (epi). The mature larvae also have large numbers of zooxanthellae (zoox) located in the
gastrodermis adjacent to the mesoglea. Scale bar = 50µm.

3.5 Egg volumes
Figure 28 shows the average individual volume of stage IV oocytes for each
month that they were found, with mid-February having the highest number of oocytes
observed and second highest total volume of 3.34x10-3 mm3. While the May sample has
the highest average volume, only 8 stage IV oocytes were found on that date. This data
further supports the claim that spawning events may take place in early February (stage
IV spermaries were also found at this time). Since the third highest oocyte volumes were
found with developing larvae during the same sampling date (March), this suggests that
planulation may continue to occur later in the year than what this study found.
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Average Volume of Stage IV Oocytes for P.
divaricata
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Fig. 28. Average volumes of stage IV oocytes for each collection date with number of oocytes measured.

3.6 Population data
Higher coral colony populations were observed at site 2 than site 1 over the
course of the study with an overall average population density of 17.7 ± 2.6 colonies m-2
(xˉ ± s.d., n = 50) compared to 7.4 ± 0.65 colonies m-2 (xˉ ± s.d., n = 50) (Fig. 29). Algal
cover was not measured, but site 1 appeared to have a higher percentage of algal cover
compared to that of site 2. The predominant autotroph genus was the seagrass Thalassia,
and the alga Penicillus was also present.
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Coral colonies at site 2 also appeared to be in better condition than those at site 1.
Boring organisms were found to be on 34.2% of colonies at site 1, compared to 9.8% at
site 2. That percentage dropped to 19.0% after three months at site 1 while site 2
remained more consistent at 7.6%. Total estimated population for the entire southern
shore of the key was 373,100 colonies based on estimated habitable zone of 29,900 m2.
Siderastrea radians also exhibited population differences between the two sites.
An average of 0.50 colonies m-2 was measured at site 1, while site 2 had an average of
6.28 colonies m-2. Cladocora arbuscula was only recorded in site 1 transects, and in
small numbers, never more than 2 colonies per sample date (0.30 colonies m-2).
Manicina areolata and Oculina diffusa were never recorded in any transect for either site,
but were observed in the nearby area.

Average Number of Colonies m-2 ± s.e.

20.0

Porites divaricata Yearly Average
Abundance per m2 at Rodriguez Key

18.0
16.0
14.0

n = 5 Survey Dates
p < 0.001, t-Test

12.0
10.0
8.0
6.0
4.0
2.0
0.0
Site 1

Site 2

Fig. 29. Average number (± s.e.) of Porites divaricata colonies per m2 counted in 5 surveys at each site.
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3.7 Seawater temperatures and tides
The waters surrounding Rodriguez Key are shown to be thermally labile (Fig. 30),
ranging from 13.1°C to 34.9°C, with an overall average of 25.9°C (± 3.6°C s.d.) at the
collection site (Site 2).

Site 1 (where a small number of branches were taken for

histological comparisons) also show wide thermal lability (Fig. 31), ranging from 14.4°C
to 35.9°C with an overall average of 25.9°C (± 3.6°C s.d.).
The waters surrounding Rodriguez Key at site 2 show seasonal variations in
temperatures.

Winter (Dec. 21-Mar.19) showed an average temperature of 22.3°C.

Spring (Mar.20-Jun. 20) had an average temperature of 27.1°C, summer (Jun. 21-Sep.
21) 29.9°C, and fall (Sept. 22-Dec. 20) 24.9°C. Molasses Reef showed a much less
variable rise and fall in seawater temperatures (Fig. 32). The temperature range for the
year was 21.3-31.0°C with an average temperature of 26.4°C. Temperature differences
(Rodriguez Key temperatures – Molasses Reef temperatures) are plotted in Figure 33.
There is a general pattern of water temperatures being warmer at Rodriguez Key
compared to Molasses Reef during summer and fall and cooler at Rodriguez Key during
spring and winter. The greatest seasonal difference between the two locations (RK-MR)
occurred during the fall with an average difference of -2.05°C. This was followed by
winter at -1.91°C, spring at +1.25°C and summer at +0.92°C. The average temperature
difference between the two sites was -1.87°C, with 68% (± 1 s.d.) of temperature points
falling with a difference of 2.37°C.
The shallow water temperature gauge at site 2 was measured at 1.26m at 14:22
hours on August 8, 2012, corresponding with high tide for that day (high tide occurred at
14:01 hours with an average coefficient). A measurement taken on July 24, 2013 at
12:31 hours showed a depth of 1.25m, occurring during a transition from high to low tide
(high tide occurred at 10:40 and had a very high coefficient, low tide at 16:46). This
measurement recording was days after a spring tide.
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Date Time, GMT
8/20/2012 10:00
9/1/2012 2:00
9/12/2012 18:00
9/24/2012 10:00
10/6/2012 2:00
10/17/2012 18:00
10/29/2012 10:00
11/10/2012 2:00
11/21/2012 18:00
12/3/2012 10:00
12/15/2012 2:00
12/26/2012 18:00
1/7/2013 10:00
1/19/2013 2:00
1/30/2013 18:00
2/11/2013 10:00
2/23/2013 2:00
3/6/2013 18:00
3/18/2013 10:00
3/30/2013 2:00
4/10/2013 18:00
4/22/2013 10:00
5/4/2013 2:00
5/15/2013 18:00
5/27/2013 10:00
6/8/2013 2:00
6/19/2013 18:00
7/1/2013 10:00
7/13/2013 2:00

Temperature in °C

35

Temperatures at Site 2 shallow (main collection site)
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15
Sum.
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Winter

Fig. 30. Sea water temperature for site 2 at Rodriguez Key divided by season.
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Spring
Sum.

10

Date Time, GMT
8/20/2012 8:00
9/1/2012 0:00
9/12/2012 16:00
9/24/2012 8:00
10/6/2012 0:00
10/17/2012 16:00
10/29/2012 8:00
11/10/2012 0:00
11/21/2012 16:00
12/3/2012 8:00
12/15/2012 0:00
12/26/2012 16:00
1/7/2013 8:00
1/19/2013 0:00
1/30/2013 16:00
2/11/2013 8:00
2/23/2013 0:00
3/6/2013 16:00
3/18/2013 8:00
3/30/2013 0:00
4/10/2013 16:00
4/22/2013 8:00
5/4/2013 0:00
5/15/2013 16:00
5/27/2013 8:00
6/8/2013 0:00
6/19/2013 16:00
7/1/2013 8:00
7/13/2013 0:00

Temperature in °C

Temperatures at Site 1 Shallow

35
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Fig. 31. Sea water temperature for site 1 at Rodriguez Key.
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RK and MR Temperature Data
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Fig. 32. Sea water temperatures for Rodriguez Key and Molasses Reef divided by season.
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Fig. 33. Differences in sea water temperatures between Rodriguez Key and Molasses Reef (RK-MR).
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4. Discussion
4.1 Reproductive characteristics
Porites divaricata is a gonochoric brooder, adding to the list of known brooders in
the Poritidae family (see table 1). Brooding of embryos to an advanced larval stage
appears to increase the chances of recruitment by increasing the probability of successful
fertilization, and bypassing planktonic development that is usually associated with high
larval mortality (Szmant 1986). It has been observed that brooded planulae can settle
within hours after release (Goreau et al. 1981; Szmant 1986), suggesting that recruitment
can take place in the same habitat where adults have been successful. Many brooding
corals are small-sized species considered opportunistic and weedy (e.g., P. divaricata)
and are characteristic of shallow reef zones frequently impacted by storms, low tidal
exposure (such as those conditions found at Rodriguez Key) or other forms of physical
disturbance (Szmant 1986).
Since the same colony of P. divaricata was not sampled over the course of the
sampling year in this study, it is possible that this species could display protandrous or
protogynous sequential hermaphroditism.

However, the small colony sizes of P.

divaricata would make repeated sampling potentially deadly. In some other species,
smaller/younger colonies are typically male while the larger/older colonies are female or
even hermaphroditic (Chornesky and Peters 1987; Kojis and Quinn 1984). This sort of
sex allocation may indicate a lower investment of energy and other resources in
producing only sperm during the early stages of colony growth, thereby enabling a larger
investment in growth and survival until the mortality risk is lower and allocation to male
and/or female function is sustainable (Harrison 2011). In this study, different sized
colonies of P. divaricata were not collected, and therefore, no correlation between colony
size and type of gamete present could be ascertained. The focus was to detect possible
variations in gamete development. Additionally, the small size of this species, combined
with its propensity for fragmentation, would make size series comparisons problematic
and possibly inaccurate.
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Several species of Porites have been shown to have a mixed breeding pattern.
Chornesky and Peters (1987) found P. astreoides to be either gonochoric (female only) or
hermaphroditic.

Szmant (1986) and Soong (1991) determined this species was a

simultaneous hermaphrodite. Even the closely related congeneric species P. porites and
P. furcata have shown varying reproductive strategies. Tomascik and Sanders (1987)
found P. porites to be mostly gonochoric but with low levels of hermaphroditism in
polluted waters.

Porites furcata was found to be gonochoric by Soong (1991) but

showed low levels of hermaphroditism in the study performed by Schloder and Guzman
(1998). No environmental variables that might have caused this change were suggested.
Protandrous sex change from smaller sized males to female when the individual
reaches a larger size has been demonstrated in a number of fungiid mushroom corals
including Fungia repanda, Fungia scruposa, Ctenactis echinata and Ctenactis crassa
(Loya and Sakia 2008; Loya et al. 2009). The literature is replete with studies on the
relationship between size and sex in Fungiid corals. However, these types of studies are
uncommon for colonial scleractinian coral.

Chornesky and Peters (1987) found no

correlation between colony size and gender in Porites astreoides. Additionally, strong
evidence for gonochorism occurs in some species of Porites, where male colonies and
female colonies were repeatedly sampled with no evidence of sex change.
divaricata,

unambiguous determination of sexual patterns requires

For P.

long-term

observations or repeated sampling of the same coral colony, and preferably large-scale
sampling within different populations to characterize population-level patterns (Harrison
2011).
Peak reproduction of a brooding coral species usually refers to the time of the
year when planula larvae are most abundant in the polyp. Although only 9 larvae were
found (six in March, three in May), this study will use the same criteria. The peak
reproduction time for P. divaricata was in March with a smaller reproductive cycle
occurring in May. While no larvae were seen during the month of April, there is no
reason to suspect that larval development and planulation does not occur during this time.
The presence of stage IV spermaries in mid-April (65% of all spermaries present) and a
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large number of stage IV eggs within the same colony of the larvae in March suggests
planulae development may continue into late spring. This suggests a reproductive output
of larvae occurring over multiple months, potentially from March to May. Similarly,
Tomascik and Sanders (1987) noted simultaneous presence of ova and larvae in colonies
of P. porites between November and April, suggesting that larvae may be released
repeatedly during an extended breeding season. Since all three larvae seen in this study
during the month of May were immature, this may represent the latest point in the year
that sexual reproductive output occurs. Additionally, very few stage IV oocytes (13)
were present in colonies sampled in May, with no spermaries present. Only 5 of 20
sampled colonies in May were reproductively active while 10 out of 10, 3 out of 5, and
14 out of 20 colonies were reproductively active in February, March, and April,
respectively.
Porites divaricata appears to planulate during a time of the year that could
potentially show high variability in salinity values.

The shallow water, restricted

circulation, and high levels of rainfall associated with the warm, wet season in the Florida
Keys could potentially drive salinity values down.

The reproductive timing of P.

divaricata may therefore represent an attempt to avoid high temperatures associated with
this area during the summer months over varying salinity values. If planulation does
occur between the months of March and May, the average water temperature for the three
months was 25.4° C. Corals in the genus Porites may be able to tolerate depressed levels
of water temperature better than elevated levels. Porites haddoni planulates in waters
just above 20° C (Fadlallah 1983). Peak reproduction of P. porites occurs during the
time of the year that water temperatures begin to decrease with a subsequent rise in
salinity (Tomascik and Sanders 1987). The timing might also be an attempt to avoid
hybridization with P. porites and P. furcata. Hybridization has been shown to have
varying levels of success with three morphological similar species in the genus Orbicella
(Szmant et al. 1997), important reef building corals in the western Atlantic. Additionally,
Caribbean Acroporids are suggested to have weak prezygotic barriers, one factor that
allows for successful hybridization in this genus (Fogarty et al. 2012). Results from
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Willis et al. (1997) clearly demonstrated that many currently-defined species of reef
corals lack prezygotic barriers to fertilization when crossed with congeneric species
(however, these experiments were performed on broadcasting species).
Colonies of P. divaricata sampled from Carrie Bow Cay, Belize had developing
ova in June with mature ova in September and numerous spermaries with spermatozoa
were found in other colonies in July (Peters 1984). Porites divaricata from Rodriguez
Key showed very little if any oocytes from September and no spermaries in July. It
would be interesting to take histological samples from co-occurring colonies of P. porites
or P. furcata in Belize to determine if their reproductive timing has been adjusted
compared to past reproductive literature findings. If so, this could reinforce the idea that
these three species avoid hybridization by adjusting gametogenic cycles and subsequent
spawning events accordingly. However, planulation events in P. furcata occurs monthly
throughout the year in Panamá (Soong 1991; Schloder and Guzman 2008) and would
therefore co-occur with the reproductive cycles of either P. divaricata or P. porites. It
could be hypothesized, solely based on morphology, that P. furcata is of closer genetic
similarity to P. porites and P. divaricata than the latter two species are to each other. If
this is the case, then hybridization in P. furcata may not be as strong of a motivator in
reproductive timing since genetically similar species may be able to produce viable
offspring as seen with Acropora prolifera, a hybrid of A. cervicornis and A. palmata
(Fogarty et al. 2012; Vollmer and Palumbi 2002). Willis et al. (1997) showed that
highest levels of in vitro fertilization occurred in congeneric crosses between coral
species that are most similar in morphology.
The presence of zooxanthellae inside the ooplasm of late stage oocytes is
becoming an increasingly common discovery in Porites species. Their presence has been
observed in P. porites (Tomascik and Sanders 1987), P. compressa, P. evermanni (Neves
2000), P. divaricata (this study), P. andrewsi, P. lobata, P. lutea (Kojis and Quinn 1981),
P. lobata and P. panamensis (Glynn et al. 1994). This maternal transfer provides an
autotrophic source of energy and potentially gives an energy boost to newly spawned
planula compared to other species that must obtain their zooxanthellae from the water
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column. Oocytes of brooding species tend to have higher lipid content compared to those
of broadcast species (Figueiredo et al. 2012) providing additional energy reserves. Thus,
active feeding following the release of larvae from brooding species may not be
necessary due to the storage of yolky material in the coelenterons and the translocation of
photosynthates from the symbiotic algae (Fadlallah 1983).

The zooxanthellae

surrounding the developing oocyte most likely do not supply direct energetic needs to the
egg until inoculation by the symbiont occurs. The presence of zooxanthellae in mature
oocytes in Porites, as previously mentioned, is a common reproductive characteristic in
this genus. However, the duration of zooxanthellae inoculation, to my knowledge, has
not been addressed. The histological examinations of P. divaricata tissues show the
presence of zooxanthellae not only within the tissue of developing larvae, but also in the
surrounding maternal gastrodermis.

This may show that inoculation continues

throughout the developmental larval stages. More frequent reproductive sampling with
larger sample sizes are needed to confirm the season of planula output, preferably
between the beginning of February and end of March to include the periods that this
study found the most reproductive activity.

Daily sampling efforts should also be

focused around the new and full moon. Corals in the genus Porites tend to show a
pattern of spawning around the full moon with subsequent planulation during the new
moon (Soong 1991; Chornesky and Peters 1987). Reproductive comparisons will mainly
focus on Caribbean Porites species, specifically P. porites and P. furcata, with additional
information concerning P. astreoides.

4.2 Western Atlantic coral species reproductive comparisons
Table 2 compares important reproductive characteristics of P. divaricata, P.
furcata, and P. porites. Many of these attributes are difficult at this time to directly
compare between the three species. Fecundity can be a difficult to compare since there
are multiple ways to calculate this (gonads/polyp, planulae released, eggs/gonad, and
eggs/cm²). Additionally, many values are based on coral tissue surface area, which
differs from species to species, making direct comparisons problematic. It is not possible
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to calculate fecundity for P. divaricata from data in this study. The mesenteries in the
sections appeared oblique, meaning that the entire mesentery was not present in the
slides. This prevents measurement of the entire length of the mesentery, and without
knowing the length of the mesentery that harbors gametes, fecundity calculations are
imprecise. Comparisons between P. divaricata and P. porites are especially difficult
because Tomascik and Sanders (1987) used a gonad index (average number of gonads
per 0.25 cm² of coral tissue), which includes the sum of all male and female gonads
present for each of the three study sites. The majority of fecundity estimates are based
solely on mature oocytes and do not include spermary numbers. The authors employed
the same procedure for larvae. Additional complications include the exclusion of stage I
spermaries from this study. It is likely that stage I spermatocytes were overlooked. Male
gametes are difficult to distinguish due to their light staining and lack of contrast with the
deeply staining surrounding tissues (Glynn et al. 2008). Regardless of methods used, it is
still important to attempt to compare the reproductive characteristics of P. divaricata, P.
porites, and P. furcata. These include fecundity estimates, peak reproduction, synchrony
in gamete and planula development, lunar periodicity with spawning and planulation, and
larvae characteristics.
Tomascik and Sanders (1987) found peak reproduction (when larvae were present
within the colonies) for P. porites occurred between the months of November and
January.

Schloder and Guzman (2008) observed planulation in P. furcata monthly

throughout the year. Similar to P. divaricata, P. porites showed low numbers of gonads
present throughout that study. The gonad index ranged from 5.48 at the polluted reef to
8.85 at the northern most reef (study sites were located on the west coast of Barbados),
which was considered less polluted. Larvae numbers were also small, peaking at around
three at the northern reef and one at the polluted reef (Tomascik and Sanders 1987).
Schloder and Guzman (2008) did not calculate fecundity in terms of oocyte production
cm-2 year-1 for P. furcata. They indicated the average number of larvae released by one
colony was 110 ± 65 and ranged from 62 to 224 larvae, but these were not yearly
estimates, rather from one spawning week.
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It was not possible to confidently determine if gametogenesis or planulae release
was synchronous among colonies in this study due to small sample sizes. However,
brooders in general tend to have less synchrony in gametogenesis than spawning corals.
The data from this study suggests that P. divaricata spawns and planulates multiple times
between the months of February and May. Brooders often have multiple cycles per year,
planulate throughout the year, or have an extended breeding season (Szmant 1986;
Schloder and Guzman 2008). For P. furcata, fertility (number of eggs) varied among
months, but trends were not significant. Additionally, ramets of P. furcata spawned
independently over a two week period, resulting in an unsynchronized release of larvae
(Schloder and Guzman 2008; Soong 1991). This species also spawned throughout the
year in both Bocas del Toro and along the central coast of Panamá (Soong 1991).
Tomascik and Sanders (1987) reported that gametogenesis was loosely synchronized
among P. porites colonies; however, gonads in all stages of development were present in
colonies throughout the reproductive season.
Given the time between sampling dates, and that spawning was not observed, it is
difficult to determine if P. divaricata releases sperm or planulates through some
environmental cue such as lunar phase or water temperature, or if gametogenesis follows
a significant lunar cycle.

The sampling date for P. divaricata when the larvae (all

immature) were found in the tissues in March occurred 8 days after a new moon (lunar
day 10) and could mean that planulation occurred around this time. The larvae seen in
May (all 3 were immature) were sampled 8 days before (1 May 2013, lunar day 21, 1
larvae) and 6 days after (15 May 2013, lunar day 7, 2 larvae) a new moon. It is unusual
to have immature larvae spaced so far apart in the same month. The reason for this is
unknown but may just represent an unsynchronized release of sperm from certain
colonies. Sperm release most likely occurred during mid to late February. Lunar day 11
(6 days before full moon) was the sample date that showed a high level of stage IV eggs
and stage IV spermaries. Another spawning event may have occurred around lunar day 8
(8 days before full moon). The current data suggest that P. divaricata may follow the
trend seen in other Porites species, with sperm release occurring around the full moon
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and planulae release occurring during the new moon. Porites furcata sperm release
began during the first day of the new moon, and the corals planulated monthly throughout
the year during the new moon (Schloder and Guzman 2008). The average number of
eggs for this species was high during the first lunar quarter as well as at full moon and
had a tendency to be lower during the last quarter and new moons. However, they also
found that the average number of eggs during different weeks of the year (2003) showed
no clear pattern relative to the lunar cycle. Soong (1991) observed planulae during the
new moon. Chornesky and Peters (1987) found that sperm is released monthly around
the time of the full moon in Porites astreoides and larvae are released around the time of
the new moon. McGuire (1998) found the colonies of P. astreoides, held in outdoor
tanks, released larvae during a period 10 days before the new moon to 11 days after the
new moon, with a peak of release centered on the new moon (these results may have been
influenced by the city lights).
The most mature larva found in this study had 2 distinct tissue layers and
mesoglea, but is possibly not yet fully developed based on the absence of additional
features. Fully formed scleractinian larvae are elongate flagellated forms with a centrally
located coelenteron (Fadlallah 1983). Additionally, the size of the planulae (391 µm)
may suggest that it was not yet fully developed. Mature larvae in P. porites were
measured between 500 and 800 µm (Tomascik and Sanders 1987). The larva found in P.
divaricata was closer to the larvae measurements found in P. furcata, which had a mean
size of 400 µm around the time of planulation. This could likely a product of available
space within the polyps for brooding. Porites porites has larger corallites (1.8-2.0 mm)
of the three species (P. divaricata: < 1.4 mm, P. furcata: 1.6-1.8 mm) and could
potentially harbor larger planulae. Additional samples are needed to determine what
distinguishable features larvae of P. divaricata display along with maximum diameter
reached prior to planulation.
Identifying potentially distinguishing reproductive characteristics between P.
divaricata, P. furcata, and P. porites requires a more thorough sampling procedure than
used in this study. This is especially true of fecundity estimates for gonads and/or larvae,

59

gamete staging, and environmental conditions to which the colonies are exposed.
Tomascik and Sanders (1987) used three stages for gamete classification. This study
initially planned on employing the same technique but thorough examination of oocytes
revealed clear developmental characteristics that should be staged separately. A tank
experiment where all environmental parameters can be controlled would be useful.
Weekly collections would be useful for determining lunar correlations and any
synchronous behavior concerning gametogenesis and planulation between colonies of the
same species. Daily collections could be centered on the time that each species was
reported to be most reproductively active.

This would allow for a more complete

analysis of important reproductive characteristics such as lunar correlations in gamete
spawning and planulation, as well as development timing in gametes and larvae in
relation to lunar phases. Multi-year histological examinations would provide means of
determining if reproduction becomes synchronous between species in identical
environmental conditions.

Table 2. Summary of reproductive characteristics of P. divaricata, P. furcata, and P. porites.

P. divaricata

P. furcata

Reproductive season

February-May

Monthly

Size of Planulae

391.1 µm

400 µm ± 98

500-800 µm

Number of gamete
stages
Fecundity

4

4

3

9 (total # of larvae

110 ± 65 (Avg. #

8.85 gonads/cm2

seen)

larvae released)

(highest of 3 sites)

Unable to identify

Planulation during
new moon

Not reported

Lunar periodicity

P. porites
November-January

4.3 Larval behavior
Coral larvae show complex behaviors during substrate selection, duration spent in
the water column, distance of dispersal, and reactions to environmental stressors (see
Ritson-Williams et al. 2010).

These attributes are not known for the larvae of P.
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divaricata, but it is speculated that they respond in manners similar to other species.
Larvae of P. furcata were seen moving up the water column after release and were
swimming on or close to the surface for several hours (Schloder and Guzman 2008).
Smith (1991) found that new planula in P. panamensis sometimes appeared daily, and it
is likely that the larvae settled within hours after release as reported for other brooding
species (Fadlallah 1983). Stimson (1978) hypothesized that shallow water species would
planulate to facilitate early settlement in the parental habitat.

Rapid settlement by

brooding species of coral is also predicted based on the types of lipids present within the
planulae. Figueiredo et al. (2012) found that the ratio of tricylglycerol and wax esters
(both are types of lipids) was significantly different dependent on the presence or absence
of symbionts. Wax esters are typical of broadcast spawners and, with their low density,
may enable prolonged surface time to maximize reproduction. Larvae of brooders are
low in wax esters, possibly because rapid settlement is an important adaptation. Larvae
mortality in P. divaricata may be very high. Goreau et al. (1981) showed that mortality
rates of P. porites larvae were estimated to be 90% in aquarium experiments. These
numbers might be expected to be higher in natural populations.
It is not known what sorts of substrate P. divaricata planulae are drawn to.
During one sample day, a colony was seen attached to the side of a vacant sand dollar
test. However, attached colonies are rare, as no other colonies were observed to be
attached to a solid substrate (solid substrate was limited and included such things as
vacant tests and small shells).

With limited observations made concerning attached

colonies, it cannot be determined at this time whether the attached colony was a sexual
recruit or a once free-living colony that attached to the test. The majority of colonies
were free living, either sitting completely on top of the sediment, partially buried, or
attached to the substrate by encrusting organisms. Given the hostile environment to
larvae, it is speculated that they might be opportunistic, settling on whatever hard
substrata is available. However, it is likely they are not attached for long due to the
ephemeral conditions.
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4.4 Environmental stressors
Personal observations from Rodriguez Key have revealed a relatively harsh
environment for corals, including high levels of sedimentation (Fig. 34), high UV
exposure (due to extreme shallow waters), high wave energy, and high variations in
seawater temperature (as shown in this study).

The stressors that colonies of P.

divaricata at Rodriguez Key experience may prevent resource allocation from favoring
certain reproductive modes and/or sexual reproduction. Even with relatively high adult
coral densities, the fecundity of individual colonies can be decreased by many stressors
before and during gametogenesis (Ritson-Williams et al. 2010). Asexual reproduction
through fragmentation may counteract the need to invest a larger proportion of energy
into sexual reproduction (Leuzinger et al. 2012), leaving more energy for physiological
defense and possibly skeletal growth (which in turn may help produce longer branches
more likely to fragment and survive).
Sedimentation is known to have negative impacts on coral reef and larvae health
as shown by numerous studies (Hodgson 1990b; Wittenberg and Hunte 1992; Shimoda et
al. 1998; Holmes et al. 2000). High sedimentation rates can kill exposed coral tissue
within a matter of days (Golbuu et al. 2003), reduce the photosynthetic yields in coral
(Philipp and Fabricius 2003), thus potentially limiting the energy allocated for
reproduction, and the removal of settled particles increases metabolic costs (Telesnicki
and Goldberg 1995). Colonies of P. divaricata were often observed to be at least partly
or almost fully buried in the sediment. This sediment burial could potentially have all or
some of the aforementioned effects associated with sediment stress.

Additionally,

sediments may have detrimental effects on any sexually derived planula from P.
divaricata colonies. Few coral larvae settle on sediment-covered surfaces, and survival is
minimal (Fabricius 2005). Gilmour (1999) found that both high and low concentrations
of suspended sediment impacted fertilization rates, larval survival, and rates of settlement
for Acropora digitifera.

High levels of particulate organic matter (POM) are often

associated with areas of high sedimentation. Laboratory experiments show that POM can
inhibit egg fertilization rates, larval development, larval survival, settlement and
metamorphosis.
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While sedimentation can increase turbidity, thus reducing light available for
photosynthesis, shading effects are more pronounced in deeper waters.

Corals at

Rodriguez Key occupy waters so shallow that complete shading is nearly impossible and
unlikely contributes detrimental effects to the coral. Additionally, any environmental
pressures that induce an adaptive response (as opposed to an acclimatization response)
from the population must be persistent enough over generations to cause an evolutionary
change.
This study showed that water temperatures at Rodriguez Key can vary greatly and
can reach high and low extremes throughout the year. Temperature variations can affect
both coral and larvae. In P. porites, temperatures became sub-lethal (partially bleached)
at levels outside the general ranges of 16-20° to 33°C. Temperature reached lethal levels
(total bleaching and heavy mucus covering) at 15°C or less after 5 days or 34°C or
greater after 10 days exposure (Marcus and Thorhaug 1981). While temperatures at
Rodriguez Key reached both high and low extremes that could be considered highly
detrimental for survival in this species, the temperature was probably not sustained long
enough to do damage to the population as a whole (upper or lower sub-lethal temperature
levels were never maintained for more than 3 days throughout the study year, lethal
levels no more than a few hours). Also, P. divaricata may have more tolerance to
temperature fluctuations than P. porites considering that P. divaricata is found in
marginal habitats known to be more thermally variable, while P. porites is more
commonly seen in typical reef environments. However, laboratory results showed that P.
porites (colonies were collected from Key Largo, FL) is unaffected by a wide range of
temperatures ranging from 22-32°C.

Studies investigating the effects of increased

temperature on brooded coral larvae are limited to two species from the Caribbean
(Porites astreoides and Favia fragum). In general, temperatures in excess of 30°C result
in higher larval mortality (Edmunds et al. 2001; Randal and Szmant 2009a). Porites
divaricata may have adapted the timing of planula release to coincide with lower
temperatures, thus reducing the possibility of damage to the larvae.
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The shallow water depth (0.5-1.5m) where P. divaricata occurs in high
abundance at Rodriguez Key exposes colonies and larvae to potentially high amounts of
ultraviolet radiation (UVR, 280-400nm). UVR has been shown through multiple studies
to affect larvae behavior and fecundity. Exposing coral larvae to levels of UVR that
occur in near-surface waters can result in avoidance behavior, delays in settlement, and
increased mortality (Gleason and Hofmann 2011). Exposure to high levels of UVR in
larvae can lead to the production of photosynthetically derived oxygen radicals which can
cause extensive cell damage (Woesik and Jordan-Garza 2011). Torres-Perez and
Armstrong (2012) showed that colonies of P. furcata, when exposed to high levels of
UVR, contained no eggs or larvae, and two-thirds of colonies presented no spermaries by
the end of the experiment. Colonies under reduced UVR levels contained egg and sperm
packages during all the sampling dates (March-July). Similarly, colonies of Acropora
cervicornis that were transplanted from 20 m to 1 m showed a 100% reduction in gonads
per mesentery per polyp one month after transplantation, while those transplanted from 1
m to 20 m did not show any significant reduction in fecundity throughout the
experimental period (Torres et al. 2008).

4.5 Physiological Response to Environmental Stress
Despite its tolerance of sedimentation and elevated sea water temperatures, P.
divaricata does respond to stressful environmental conditions. Crook et al. (2012) found
that P. divaricata was able to sustain populations in waters characterized by low pH
(6.70-7.30). These are compared with the average pH level of 7.94 for the FKNMS
(Boyer and Briceno 2010). Porites species are known to be hardy (Edmund and Davies
1989) as shown by their ability to thrive in waters with a wide range of temperatures
including P. divaricata (13-34°C, this study). Tank experiments by Marcus and Thouraug
(1981) showed that colonies of P. porites were non-stressed at a range of temperatures
from 22-32°C.

These compare with average temperature values of 29.61°C in the

FKNMS (Boyer and Briceno 2010).
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Porites, in general, seems to be one of the more sediment tolerant genera. In
addition to P. divaricata, the predominant coral in the unconsolidated sediments found at
Rodriguez Key (this study), Porites were also seen in high abundance in heavy sediment
shallow reefs in Kenya (McClanahan and Obura 1997).

Porites furcata is able to

colonize heavy sediment areas surrounding Biscayne Bay (Manzello and Lirman 2003)
and Soldier Key (Voss and Voss 1955). Populations of P. lobata actually increased
when moving from optimal to marginal habitats in Indonesia (Hennige et. al 2010). As
tolerance of sedimentation varies widely among species, a reduction in the biodiversity is
a common outcome of sedimentation stress and persistence of more tolerant species (such
as massive Porites species) (Fabricius 2005). The shallow waters surrounding Rodriguez
Key allow for high levels of UVR to reach colonies of P. divaricata. Looking at how
similar species respond physiologically might give insight to possible responses
employed by P. divaricata. In a study done by Torres-Perez and Armstrong (2012),
colonies of P. furcata were collected from San Cristobal Reef and transported to a
laboratory where they were exposed to high levels of UVR.

Colonies subjected to

enhanced UVR levels showed significant increase in total mycosporine-like amino acid
concentration (UV absorbing compounds). They also found the photosynthetic pigments
were significantly lower and zooxanthellae densities were not significantly lower under
UVR than the control colonies. The authors concluded that colonies were showing signs
of photoacclimation by reducing the rates of photosynthesis and thus reducing any
possible damage to the photosystems, particularly photosystem II. High light intensities
and excess energy can lead to the production of reactive oxygen species (ROS) in the
chloroplasts of the zooxanthellae, causing damage at the DNA level (Banaszak and
Lesser 2009). It has been shown that the zooxanthellae of some species of corals that are
exposed to high levels of UVR show significant reduction in photochemical efficiency,
protecting photosystem II from permanent damage from ROS (Yakoleva and Hidaka
2004).
In addition to adult colonies, coral larvae may also possess their own
physiological accommodations.

It has been demonstrated that larvae of Agaricia
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agaricites spawned from deeper colonies that are exposed to UVR intensities occurring
near the surface appear to suffer higher mortality than larvae from adults at shallower
depths because they possess lower concentrations of UVR absorbing MAA’s (Gleason
and Wellington 1995). It can be expected that colonies and larvae of P. divaricata both
contain high levels of MAA’s (an important future study to undertake). The fact that
larvae are expelled into the water column already containing zooxanthellae may mean
that they are able to rapidly acquire the energy necessary for the production of MAA’s.
There is also evidence that some MAA’s and their precursors may serve in a secondary
photoprotective capacity, as a biological antioxidant, scavenging against reactive oxygen
species (Yakovleva and Hidaka 2004).
Although P. divaricata larval behavior is not known, rapid settlement and
metamorphosis may be beneficial in habitats with variable environmental conditions and
may compensate for high adult mortality (Szmant 1986). Newly expelled larvae may
also be protected against high UVR levels by being released during the night. While a
planulation event was not observed, the majority of scleractinian corals, with some
exceptions, spawn during nighttime (Harrison and Wallace 1990). This prevents any
damage done to the larvae by UVR while (or if) the larvae are swimming at the surface.
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Fig. 34. Porites divaricata colony at Rodriguez Key. Notice unconsolidated substrata and presence of
Thalassia .

Despite adverse environmental conditions that are shown to negatively affect
colonies and planulae larvae, P. divaricata has successfully propagated throughout the
area surrounding Rodriguez Key. Other studies have shown the ability of Porites species
to out-compete and dominate their respective habitats.

Within Mermaid Sound in

Western Australia, Porites may constitute over 25% (by area) of the coral community
(Stoddart et al. 2012). Porites is reported by Neves (2000) to be the most widespread
genus in Hawaii. Porites furcata is one of the predominant reef-builders of shallow
habitats in Bocas del Toro, Panamá (Schloder and Guzman 2008) around Soldier Key
(Voss and Voss 1955) and in Biscayne Bay (Lirman et al. 2003). Porites panamensis, an
endemic to the eastern Pacific, is abundant and widespread throughout the West coast of
Mexico (Chavez-Romo et al. 2013), is locally abundant in Panamá (Glynn et al. 1994),
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and can reach population densities of 20 individuals/m2 at Uva Island, Pacific Panama
(Smith 1991).

4.6 Fragmentation
I suggest that asexual reproduction via fragmentation is the primary mode of
successful propagation of P. divaricata at Rodriguez Key.

A species living in

environmental conditions found at Rodriguez Key should be adapted to reproduce, at
least in part, asexually since it was reported to be advantageous given the harsh
environment. Fragmentation may allow colonization of habitats where larvae are unable
to settle, such as areas with unconsolidated material. Fragmentation also potentially
allows species and genets to extend their distribution and abundance locally (Smith and
Hughes 1999). It seems plausible that species of hard coral occupying these marginal
habitats rely more on asexual reproduction than sexual, contrary to morphologically
similar species in a more typical reef environment. Boulay et al. (2013) found that
colonies of Porites evermanni dominate in areas where triggerfish prey upon bioeroding
mussels living within the coral skeleton, thereby generating asexual coral fragments.
These fragments proliferate in marginal habitats not colonized by the morphologically
similar species P. lobata.
While not a focus of this study, many observations made concerning the
morphology and habitat of P. divaricata suggest that fragmentation may be the primary
method for population maintenance and growth. Colonies were rarely attached, but
rather were observed lying on top of or partially in unconsolidated material (Fig. 35).
This, when combined with the shallow water (which may allow for intense wave action)
could potentially cause fragmentation. Similarly, in a study done on P. furcata at San
Blas Reef (where asexual reproduction is thought to be common), only 20% of live
colonies were attached to the substratum, and then only so weakly by boring sponges
(Highsmith 1984). Additionally, colonies of P. divaricata were fragile, breaking easily
when handled.

Porites porites is known to have an exceptionally porous skeleton

(Edmunds and Davies 1986) and P. furcata is known to be delicate (Highsmith 1982).
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Porites divaricata is closely related and has thinner branches than either species, leading
to the assumption that colonies could fragment easily.
The growth form of P. divaricata may be an adaption to help ensure that
fragments are of sufficient size to survive and possibly large enough to continue sexual
reproduction shortly after fragmentation occurs. Live tissue was rarely seen covering
100% of a colony. Instead, the bases of colonies were dead, leaving just the branches
with live tissue. This could cause a weak point at the base of a colony, creating a spot for
fragmentation. This type of colony separation, where the intervening tissue between
various portions of the colony is dead, has been seen in a number of other Caribbean
corals including Orbicella annularis, Porites astreoides, Agaricia agaricites, A.lamarcki,
Helioseris cucllata, and Meandrina meandrites (Lewis 1960, 1974; Hughes and Jackson
1980; Bak 1976). Having dead tissue also allows entry into the coral skeleton by boring
organisms since most boring organisms settle on and bore into the dead tissue around the
base of the coral (Highsmith 1980).
Examples of populations dominated by fragmented colonies include Acropora
aspera (Stimson 1978), A. cervicornis, A. palmata (Duerden 1902), Porites compressa
(Harrigan 1972), P. lutea (Highsmith 1979), and Pocillopora damicornis (Birkeland
1977). It has been discovered that fragmentation can play a large role in the propagation
of branching species of coral, especially in the genus Porites, however fragmentation has
also been observed in massive Porites species (Highsmith 1980). Porites species, in
general, often form large beds or mounds, suggesting that asexual reproduction is
common (Glynn 1973).

In eastern Pacific populations, triggerfish cause significant

fragmentation and asexual propagation (Kojis and Quinn 1981; Guzman and Cortes
1989).

As mentioned earlier in this paper, P. furcata is reported to reproduce by

fragmentation, producing extensive patches where it can be found. However, Schloder
and Guzman (2008) concluded that the success of the species (P. furcata) depends mainly
on sexual reproduction rather than asexual propagation.

This may be environment

dependent, meaning that corals may adapt their reproductive strategies based on their
environmental conditions. Porites porites, in a study done at fringing reefs off the west
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coast of Barbados, suggested that despite low juvenile recruitment, high abundances
suggests fragmentation as the major mode or reproduction (Wittenberg and Hunte 1992).
It has been proposed, as it may be for P. divaricata, that fragmentation outweighs the
disadvantage of low sexual recruitment (Highsmith 1982).
Many of the previously mentioned environmental stressors, including UVR
exposure and high levels of sedimentation, may also contribute to the ability of P.
divaricata to utilize fragmentation. The shallow water environment of Rodriguez Key
results in high levels of UVR radiation reaching the colonies. High amounts of UVR
were found to decrease skeletal density, and therefore weakening the structure of the
colony, in P. furcata (Torres-Perez and Armstrong 2012).

The high levels of

sedimentation may also contribute to the fragmentation of this species.

Suspended

particulate matter (which includes particulate organic matter) in areas of high sediment
resuspension can have a nutrient content of greater than 5%. It has been shown that some
species become mixatrophic (feeding off plankton in the water column as well as
receiving nutrients from zooxanthellae through photosynthesis) at high turbidity. POM
feeding has been linked to an increase in linear skeletal extension rates but also to
significant decrease in skeletal density. It has been shown in massive Porites species that
increased linear extension rates are inversely correlated with skeletal density (Lough and
Barnes 2000). If P. divaricata becomes mixatrophic or heterotrophic during times of
sediment resuspension (or has potentially adapted this feeding style year round),
increasing linear extension rates, then skeletal density and strength will decrease, making
colonies even more prone to fragmentation, further promoting reproduction by
fragmentation.
If fragmentation is in fact an important reproductive strategy utilized by P.
divaricata, then the possible effects to sexual reproduction needs to be examined. While
no studies have specifically looked at the effects that fragmentation have on the
reproduction of branching Porites spp., possible conclusions can be inferred from other
studies that focus on branching species of coral. Smith and Hughes (1999) assessed the
fecundity of Acropora intermedia and A. millepora fragments. They found that the
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fecundity of the polyps in experimental fragments was sharply reduced compared to
similar-sized portions of intact colonies. Reproduction of injured colonies of Stylophora
pistillata, which invested energy in growth and regeneration, was significantly reduced
for at least two successive reproductive seasons after the fracturing event (Rinkevich
1982). In Stylophora pistillata, removal of up to 23% of the colony radius caused most
colonies to become completely sterile for up to a year afterward (Rinkevich and Loya
1989). A study done on Pocillopora damicornis by Zakai et al. (2000) indicated that
processes on reefs that cause the removal of even 25% of each colony may significantly
reduce sexual reproductive output by stony corals. They showed that undamaged control
colonies released substantial numbers of larvae (>100 colony -1, 10,000-38,000 planulae a
month-1). In contrast, only some fragmented colonies produced a substantial number of
larvae (>100 colony-1, 1-10,000 planulae month-1), which were delayed in their release.
Since the majority of colonies of P. divaricata appeared to be fragmented pieces, and that
large colonies that were sampled showed little to no planulae development gives further
credence to the idea that very little sexual reproductive effort is made, as opposed to
Pocillopora damicornis, which even after a fragmentation event, still had colonies
producing a large number of larvae. Wallace (1985) found that year round fragmenters
had few larvae recruits, non-fragmenters had many, and rough-weather fragmenters had
an intermediate number of larvae recruits. Since this studied collected branches from
larger colonies, and avoided any colonies that appeared to be fragmented pieces, it cannot
be determined at this time if the onset of reproduction for P. divaricata is age or size
dependent. The previously mentioned studies however, point to the latter.
Figure 36 shows typical benthic cover surrounding Rodriguez Key. Large piles
of coral rubble were very common throughout the study site, hinting at continuing colony
mortality. Since the mortality rate is not known, the amount of growth and reproduction
to maintain a population is speculative. As noted earlier, the elongate island of Key
Largo has no natural tidal passes and offers offshore habitats protection from the tidal
exchange of turbid Florida Bay or cold Gulf of Mexico waters. Such protection and a
shallower water depth provide a restricted-circulation environment. Because of this, the
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coral rubble observed may have accumulated over the time-scale of decades or 100 years.
Sediment core analysis and sample dating from this community would provide data on
coral population persistence and mortality rates.
The persistence of a population, and of a species, depends on its rate of
reproduction being equal to or greater than its mortality rate (Szmant 1986). Based on
the histological examinations in this study, the level of sexual reproduction appears
insufficient to support the large population density. With populations numbered in the
hundreds of thousands, reproductive output would therefore need to be exponentially
higher (how much higher would depend on successful recruitment of sexually derived
larvae) pointing towards asexual reproduction as the means to maintain these numbers.

Fig. 35. Porites divaricata fragment with dead tissue at the colony base.
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Fig. 36. Coral rubble commonly found at Rodriguez Key.

The energy obtained by heterotrophy and autotrophy may not primarily go to
maintaining live tissue cover or reproduction, but rather skeletal deposition and growth
(especially if asexual fragmentation is maintaining population numbers) or mucous
production for sediment removal. Edmund and Davies (1989) determined an energy
budget for Porites porites in a sediment stressed environment. They concluded that only
10.5% of allocated energy goes to respiration and growth, while only 0.4% goes towards
reproduction.

A large part, 67.3%, is unaccounted for, presumably lost in mucous

production. This is highly probable given the large amount of sedimentation present at
the study site. Given that environmental conditions in marginal systems are less than
optimal, it is expected that acclimatization would require considerable resource
allocations, which in turn will lower achievable productivity (Hennige et al 2010). An
analysis of energetic allocation for P. divaricata is another intriguing area for future
research.
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4.7 Seawater temperature and tides
Temperature data from Rodriguez Key and Molasses Reef allows comparison
between marginal habitat and a more typical reef environment. Because Molasses Reef is
bathed by inshore portions of the Gulf Stream, it most likely experiences water exchange
from the deeper waters, allowing for a more consistent water temperature. Also, the reef
is located deeper in the water column so more time and energy is needed to heat and cool
the water, allowing for more consistent and steady temperature fluctuations from summer
to winter. Rodriguez Key however, is more protected from tidal fluctuations by Key
Largo and has a limited circulatory environment and therefore a limited water exchange
cycle. Water of shallow depths is heated and cooled much more quickly. This causes
both high and low extremes from the average temperature (around 26°C) at both sites.
Temperature differences ranged from 1-3 °C between the two sites, and even a
degree difference can still have significant effects on the populations.

A survey

performed by Loya et al. (2001) showed that a 2 °C increase in maximum temperature in
1998 showed low coral mortality, a reduction in recruitment, and increased colony
growth rates of the corals that survived. However, a 3 °C increase in temperature killed
over half of the colonies on the reef and eliminated most of the branched coral colonies.
Although tidal timing was slightly delayed due to distances between the study site
and tide station, the available information provides an idea of the depths that the colonies
of P. divaricata are exposed to. The July 24th depth recording of 1.25 m was taken just 2
hours after a high tide and a few days after a spring tide (when high tides are at their
highest). This tells us that at the tides highest point, coral colonies are still in waters less
than 2 m deep. This indicates that during spring low tides (when low tides are at their
lowest), colonies are potentially in water about one-third to one-half meter deep.
Colonies that may get transported closer to the shore by wave action may become
exposed to the air during these low tides.
Spawning and planulation in Porites corals tend to be correlated more with lunar
activity than any other reported environmental factor. While temperature may be a
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seasonal cue, nocturnal illumination (lunar phase) may provide the ‘fine tuning’ for the
particular nights for planulae or gamete release (Richmond and Hunter 1990). This
temperature cue may play a more important role in corals that reside in typical reef
environments where temperatures are more static, as opposed to marginal habitats where
temperatures may fluctuate greatly. Therefore, temperatures in marginal habitats may not
be a reliable environmental cue for spawning and planulation.

4.8 Tissue damage & sex ratios
In some colonies, large amounts of tissue necrosis were observed through
histological analyses, therefore certain collection and storage protocols were changed to
rule them out as causes for the tissue breakdown. Although not quantified, after the small
changes in methods, there appeared to be about the same amount of colonies with varying
stages of tissue necrosis, ranging from very little to almost complete breakdown of
mesenterial tissues (Fig. 37). Had the necrosis been a result of the original histological
techniques applied, then it could be reasoned that all colonies observed would have
shown signs of tissue necrosis. Since this was not the case, it was likely a result of
environmental stressors that had colony dependent effects.
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Fig. 37. Micrograph of tissue cross section of Porites divaricata showing high level of tissue necrosis. This
picture is from a colony after various procedures were changed. Areas of tissue necrosis (–) appear
“fuzzy,” while healthy portions (+) of tissue appear to be smoother.

The overall sex ratio found in this study (3.5:1) may be interpreted a few different
ways. One is through asexual reproduction. A skewed sex ratio has been found to exist
in populations where asexual reproduction is prominent as found in a number of studies.
Populations include Pavona clavus (Glynn et al. 2011), Diaseris distorta (Colley et al.
2002), Fungia concinna, and Fungia fungites (Oliver 1985). If the generation of the
original population is due predominantly to fragmentation of a few sexual recruits, then
the sex ratio could become biased over time (Susan Colley, pers. comm.). The second
approach is looking at the skewed sex ratio from the result of sexual reproduction.
Brooding by gonochoric species should result in a sex ratio skewed towards a high
proportion of females (Szmant 1986).

Szmant (1986) found Montastrea cavernosa,
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Siderastrea siderea, and Dendogyra cylindrus (all spawners) to have sex ratios close to
1:1, compared to P. divaricata that had a female to male ratio of 3.5:1. The high female
to male sex ratio would be expected to evolve in the population because genomes
producing a large number of female offspring will be more successful in transmitting
their genes (Miller 1982). A sex ratio favoring females in P. divaricata may show an
adaptation to maximize sexual output.
Siderastrea radians, another hermatypic coral species that has established
populations at Rodriguez Key had a sex ratio of 22 females to 3 males (Szmant 1986).
Since space for brooding larvae is usually limited in the female polyp, a higher female
population would be advantageous for a population (Szmant 1986). Brooding larvae
require a greater amount of energy from the female polyp than in broadcasting species
since planula are brooded to maturity (Schloder and Guzman 2008). These brooded
larvae are often more fit upon release due to larger sizes and the presence of symbiotic
zooxanthellae that help to facilitate the production of important photosynthetic products.
Larvae may settle within hours upon release in preferential habitat that already supports
adult populations. With a larger female population, more of these high energy requiring
larvae may be produced within a population, leading to a greater sexual reproductive
output per reproductive effort compared to a population with equal number of males and
females. Glynn et al. (2008) concluded that the skewed sex ratios found in Tubastraea
coccinea (favoring females) could be a product of male gametes forming and maturing
over a brief period compared with the length of oogenesis (the female to male ratio from
this study when both types of gametes were present was 1.2:1). This ratio may be a
better representation of the population. It is highly likely that colonies that were sampled
that showed no signs of gamete development may have been male colonies that had not
yet started spermatogenesis.

4.9 Population densities and analysis
The differences in population densities between the two sample sites may be
biologically or environmentally related (temperature was the only environmental variable
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measured). Though not quantified, higher algal cover was observed at site 1. While
macroalgal communities are an integral component of inshore reef systems, some
macroalgal species can be detrimental to coral, forming dense mats that overgrow or
damage large areas of corals by trapping sediment, restricting gas exchange, and creating
anoxic conditions when mats age and collapse (Fabricius 2005). Areas of high algal
biomass are known to be poor nursery habitats for settling corals (Ritson-Williams et al.
2009). Rapid recruitment and growth of benthic algae reduces the hard substratum
available for coral larvae settlement and may also result in overgrowth of juvenile corals
(Highsmith 1980).
Boring organisms appear to be common among Porites in the western Atlantic
and equally so in other parts of the world including the Indian Ocean and western Pacific.
Western Atlantic corals have less of the basal area on their skeleton covered by live
tissue, resulting in greater exposure to colonization by boring organisms (Highsmith
1980). The percentages of boring organisms seen at each site might provide important
clues to potential microenvironmental differences between the two sites at Rodriguez
Key. The higher number of colonies with boring organisms found at site 1 may be
explained by an increase in water column productivity, with possible differences in water
flow between the two sites (Highsmith 1980).
While it is well documented that internal macro and microbioeroders increase in
abundance in response to nutrient availability (Rose and Risk 1985; Hallock and Schlager
1986; Holmes 2000), the two sites are close enough that significant differences in nutrient
levels are highly unlikely but cannot be ruled out until further studies are undertaken.
Boring organisms can induce stress on the host coral. If the stress continues, the host
coral may experience complete colony tissue mortality and colony death. These dead
colonies would not have been counted during population surveys and might account for
the steep drop in overall number of colonies with boring organisms found at site 1. It
should also be noted that macroalgae also shows a positive correlation with nutrient
influx (Birkeland 1987; Wittenberg and Hunte 1992; Hunter and Evans 1995; Costa Jr. et
al. 2000).

78

5. Conclusion
 Porites divaricata is a gonochoric brooder at Rodriguez Key, FL


Possible spawning of sperm occurred in mid to late February and late April



Possible planulation events occurred in Mid-March and early to mid-May



Time of year that apparent spawning and subsequent planulation takes place may be
to either avoid high summer temperatures or avoid hybridization with genetically
similar species Porites porites or Porites furcata



Even in harsh habitats with little reproductive activity, population estimates put
numbers of colonies at 373,100



Asexual reproduction through fragmentation appears to be the main strategy utilized
for population maintenance and growth



Porites divaricata showed a sex ratio (F:M) of 3.5:1. However, this is most likely a
result of differences in duration of oogenesis compared to spermatogenesis. The sex
ratio during peak reproduction was 1.2:1.



In order to accurately address and compare the reproductive characteristics of P.
divaricata, P. porites, and P. furcata, all three species must be kept in identical
environmental conditions
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